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The catalytic transfer hydrogenation has emerged as an attractive alternative to 
the hydrogenation using highly flammable molecular hydrogen. In catalytic 
transfer hydrogenation, the reduction is carried out in the presence of a catalyst 
using an organic/inorganic molecule as the hydrogen donor. Formic 
acid/formates are favorable hydrogen donors, because they are stable and 
readily available and catalytically easy to decompose to hydrogen gas and 
carbon dioxide/bicarbonate. The objective of this thesis is to hydrogenate 
carbonyl groups to corresponding alcohols using formic acid/formate as 
hydrogen donors. Hydrogen generation from the decomposition of formic 
acid/formate was first studied. Chemoselective hydrogenation of carbonyl 
groups in the presence of other reducible groups, such as –Cl, –CN and C=C, 
was then investigated by selecting an appropriate metal and modifying the 
catalyst support. The study also looked into the catalyst stability and reusability.  
It was found that the hydrogen evolution from formic acid decomposition 
was slow in aqueous solution without any additives. Formates are favorable 
additives due to their high stability and solubility in water which facilitates the 
reaction processing and catalyst recycling. In this study, potassium formate was 
used as an additive and the effect of molar ratio for formic acid : formate was 
investigated.  
The reduction of aldehydes and ketones to corresponding alcohols was 
investigated using potassium formate as the hydrogen source. The catalysts used 
were Pd/AlO(OH) and Ru/AlO(OH) prepared by a sol gel process. It was found 
that aromatic aldehydes easily undergo reduction to alcohols while aliphatic 
x 
 
aldehydes and ketones are less reactive due to electronic and steric effect, 
respectively. For the Pd/AlO(OH), 4-chloro-benzaldehyde was dehalogenated 
to benzaldehyde followed by hydrogenated to benzyl alcohol. Using the 
Ru/AlO(OH), the hydrogenation of 4-chlorobenzaldehyde proceeded with 
excellent chemoselectivity for the reduction of C=O groups with 4-chlorobenzyl 
alcohol as the only product. 
The hydrogenation of -unsaturated carbonyl compounds to 
corresponding allylic alcohols using potassium formate was next studied. While 
the Ru/AlO(OH) was not chemoselective to C=O groups, forming saturated 
aldehydes/ketones as the only products, the catalyst became highly 
chemoselective after the support was modified by grafting with 3-(2-
aminoethylamino)propyltrimethoxysilane. High yields of allylic alcohols, > 95 
%, were obtained. In this study, we were interested in evaluating the role of 
amino groups in directing chemoselectivity when -unsaturated carbonyl 
compounds were reduced to allylic alcohols.  
The production of -valerolactone, a sustainable liquid for carbon-based 
chemicals for energy, from biomass-derived levulinic acid and formic acid was 
reported. The use of formic acid as the hydrogen donor is attractive because an 
equimolar amount of formic acid is formed during the production of levulinic 
acid from carbohydrates. The catalyst, 2.5 wt. % Ru/ZrO2, was prepared by a 
sol gel method. The catalyst was optimized by investigating the effect of 
support, metal loading and calcination temperature. The reaction condition was 
studied in detail for the variation of the molar ratio for formic acid/formate as 
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1.1 General introduction 
Nowadays, one of the most important challenges for our society is to develop 
efficient methods for energy production and utilization to replace fossil fuels. 
Several approaches have been introduced, such as solar energy, wind energy 
and energy from biomass [1, 2]. However, the issue of energy storage has to be 
resolved for large-scale use of solar and wind power while the low efficiency 
(theoretically about 4.5 %) of photosynthesis in biomass is a key limiting factor 
in providing a viable energy use and management. Hydrogen has been proposed 
as an excellent energy carrier mainly because it is light and clean [3]. The stored 
energy can be easily utilized by reacting hydrogen with oxygen, for example in 
fuel cells. Advantageously, only water is formed as a side product. Production 
and storage are the main issues when using hydrogen as the energy carrier. The 
existing large-scale production of hydrogen is mainly from steam reforming of 
methane or the water gas shift reaction (WGSR) [4-6]. Nevertheless, these 
processes need fossil fuels as feed and the removal of carbon monoxide requires 
special purification. Several hydrogen storage concepts have been proposed, 
such as tank systems and materials based on chemisorption and physisorption 
of hydrogen. However, they have drawbacks such as low storage density, the 
requirement of high-pressure apparatus, high temperature for hydrogen release 
and safety issues [7].  
2 
 
Recently, the application of formic acid/formates as the hydrogen storage 
materials has been proposed. The concept of formic acid for hydrogen storage 
is based on a sustainable energy storage cycle between formic acid and carbon 
dioxide (Fig. 1-1a) [8]. For energy storage, carbon dioxide is reduced to formic 
acid or a formate derivative using hydrogen gas from renewable resources. This 
hydrogenation reaction can be carried out either electrochemically [9] or by 
catalytic hydrogenation [10, 11]. On the other side of the cycle, energy is 
released in the form of hydrogen gas. This dehydrogenation process can occur 
either in a direct formic acid fuel cell, or in the decomposition of formic 
acid/formate to carbon dioxide and hydrogen. The as-released hydrogen gas can 
be directly used in reduction reactions [12, 13]. The gas mixture (mainly H2 and 
CO2) can also be separated using membrane techniques to obtain pure hydrogen 
gas [14]. Similar energy storage cycle for formates has also been proposed (Fig. 
1-1b) [15]. Potassium formate decomposes at 70 oC at ambient pressure in the 
presence of Pd/C. Highly pure hydrogen gas and bicarbonate are generated. The 
reverse reaction, namely the hydrogenation of potassium bicarbonate to 
potassium formate, can also be catalyzed by Pd/C, forming the formate-
bicarbonate cycle for energy storage.  
Hydrogen release from formic acid/formates is thermodynamically favored 
by ∆ Gº = - 32.9 kJ mol-1 at room temperature [8]. In terms of hydrogen storage 
and release, formic acid is preferable to formate salts because of its higher 
hydrogen density (Table 1-1). However, the presence of appropriate amount of 
formates can improve the hydrogen releasing rate. Formate salts are excellent 
hydrogen donors for reduction reactions. Importantly, the cation for formate 
affects the reaction rate thus allowing a choice in its selection.  
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Table 1-1 Hydrogen density for formic acid/formates 
Compound Formula Hydrogen density (g/kg) 
Formic acid HCOOH 43.5 
Lithium formate HCOOLi 38.5 
Sodium formate HCOONa 29.4 
Potassium formate HCOOK 23.8 
Caesium formate HCOOCs 11.2 
Ammonium formate HCOONH4 31.7 
 
 
Fig. 1-1 Cycle for hydrogen storage in (a) formic acid [8] and (b) formates [15]. 
 
1.2 Catalytic hydrogen production from formic acid/formates 
Formic acid is a liquid at room temperature. It is an acid of medium strength 
with an immediate corrosive effect causing severe burns. Nevertheless, dilute 





















temperature which allow easy storage and transportation. In general, they are 
non-toxic, highly soluble and stable in water.  
In the hydrogen storage step, the reduction of carbon dioxide with 
molecular hydrogen produces formic acid or methanol. From the synthetic point 
of view, however, formic acid is preferred even if methanol has a higher 
hydrogen density (Table 1-2) [8]. To synthesize one equivalent of methanol, 
three equivalents of hydrogen are required because one equivalent of hydrogen 
is needed to form water (CO2 + 3H2 = CH3OH + H2O). In contrast, a transfer 
rate of 100 % for formic acid synthesis is found (CO2 + H2 = HCOOH). 
Additionally, formic acid is less hazardous than methanol. Methanol is highly 
flammable and exhibits a metabolic toxicity which affects the central nervous 
system and may lead to blindness.  
 
Table 1-2 Comparison of properties: methanol versus formic acid [8] 
 Methanol Formic acid 
Molecular mass 32.042 g/mol 46.026 g/mol 
Gravimetric hydrogen density 125 g/kg 43 g/kg 
Volumetric hydrogen density 99 g/L 52 g/L 
Hazard codes T. F C 
Risk statements (R-sentence) 11-23/24/25-39/23/24/25 10-35 
Boiling point 65 oC 101 oC 
Vapor pressure (20 oC) 130.3 hPa 42.0 hPa 
Explosion limits (lower-upper) 6 – 36 vol % 18 – 57 vol % 
Flash point 11 oC 48 oC 
Workplace exposure limit 200 ppm 5 ppm 




The decomposition of formic acid occurs by two different pathways, i.e., 
the dehydrogenation pathway to form H2 and CO2 (Eq 1-1), and the dehydration 
pathway to form CO and H2O (Eq 1-2).  
HCOOH = CO2 + H2           ΔGº = -32.9 kJ mol-1                                      Eq 1-1 
HCOOH = CO + H2O          ΔGº = -20.7 kJ mol-1                                     Eq 1-2 
Selective dehydrogenation is indispensable for the production of ultrapure H2 
while dehydration gives rise to toxic CO which severely poisons catalysts for 
fuel cells. The reaction pathway strongly depends on the catalyst used and 
reaction conditions including temperature and pH [16]. Great efforts have been 
made to study and improve the hydrogen production from formic acid/formates 
decomposition. Focus has been more on formic acid than formate salts mainly 
because formic acid is lighter with higher hydrogen density. In the following, 
catalytic hydrogen production from formic acid/formates using homogeneous 
and heterogeneous catalysts are discussed. 
 
1.2.1 Homogeneous catalysis 
For homogeneous catalysis, Coffey reported an early work on hydrogen 
production from formic acid decomposition in the late 1960s [17]. Various 
transition metals, such as Pt, Pd, Ni, Ru, Rh, Os and Ir, were modified by 
phosphine ligands. The most active catalyst was found to be [IrH3(PPh3)3] with 
an initial decomposition rate of ~ 80 mol L-1 h-1 at 118 ºC using acetic acid as 
solvent. A slow deactivation for the catalyst was observed which however, was 
reduced by adding free triphenylphosphine. 
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Later in the 1970s, Forster and Beck investigated the decomposition of 
formic acid in aqueous solution using rhodium and iridium catalysts [18]. 
Sodium iodide was added to [Rh(CO)2Cl]2 forming rhodium iodo complexes. 
Hydroiodic acid and an unsaturated metal complex were then formed by 
abstracting the iodo ligands. Hydroiodic acid was decomposed to hydrogen and 
reformed the starting rhodium iodo complex. Otsuka and co-workers 
successfully isolated and characterized intermediates in the catalytic cycle using 
[Pt(P(iPr)3)3] as a catalyst [19]. Complexes of [PtH(O2CH)(P(iPr)3)2] and 
[PtH2(P(iPr)3)2] were proved to be the intermediates. A turnover frequency 
(TOF) of 100 h-1 was reached at room temperature. Based on the catalyst system 
established by Coffey, Trogler’s group applied [Pt2H3(PEt3)4][BPh4] as catalyst 
precursor to decompose sodium formate but found a lower activity [20]. This 
was due to the buildup of H2 and CO2 as removal of the gases led to a higher 
activity. 
Recently, the group of Laurenczy established a ruthenium-based catalytic 
system for hydrogen production [21]. A mixture of formic acid/sodium formate 
at the molar ratio of 9/1 was used as the substrate. To enable the reaction in 
water, the ruthenium precursor [Ru(H2O)6](tos)2 (tos = toluene-4-sulfonate) was 
modified by water soluble ligand, meta-trisulfonated triphenylphosphine 
(TPPTS). The catalyst was highly active in a range of temperatures with high 
conversion of 90 – 95 %. For example, a TOF up to 460 h-1 was reached at 120 
oC. No CO was detected when analyzed the gas mixture, which facilitates a 
direct use in fuel cells. Very importantly, the constant addition of formic acid 
and release of hydrogen enabled the catalytic decomposition reaction to be in a 
continuous way, which is advantageous for potential industrial applications.  
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Simultaneously, Beller and co-workers carried out the decomposition of 
formic acid under mild conditions over ruthenium-based catalysts [22]. Without 
modification by ligands, a turnover number (TON) of 42 was obtained at 40 oC 
using [RuCl2(p-cymene)]2 (p-cymene = 1-methyl-4-(1-methylethyl)benzene) as 
catalyst. To enhance the decomposition reaction, an appropriate base was added. 
Various amines (alkyl amines, diamines) were studied and 1,5-
diazabicyclo[4.3.0]non-5-ene (DBN) was found to be optimum [23]. Most 
recently, Beller and co-workers reported an elegant noble-metal-free 
dehydrogenation of formic acid in environmentally benign propylene carbonate 
using an iron based molecular catalyst system at 80 oC [24]. Applying 0.005 
mol % of Fe(BF4)2.6H2O and tris[(2-diphenylphosphino)ethyl]phosphine 
afforded a TOF up to 9425 h-1 and a TON of more than 92000. 
In general, homogeneous catalysts are highly active and selective for 
hydrogen production from formic acid/formates decomposition. Reaction 
conditions are generally mild and high purity hydrogen can be obtained with 
fast reaction rates [21, 22]. However, homogeneous catalysis suffers from 
drawbacks, such as the requirement of precious metals, e.g., Pt, Ir and Rh for 
high reaction rates (Table 1-3). Moreover, most of the catalysts were dissolved 
in an organic solvent and the efficient catalysis required the addition of different 
organic ligands [17, 25] or amines [22, 23] which unavoidably led to difficulties 






Table 1-3 Formic acid decomposition over homogeneous catalysis (modified 
from ref. [7]) 
Catalyst Activity T/oC Ref. 
[PtCl2(Pbu)3] 0.02 mol L
-1 h-1 118 [17] 
RuHBrCO(Pet2Ph)3 2.8 mol L
-1 h-1 118 [17] 
RuHCl(Et2PC2H4PEt2)2 2.0 mol L
-1 h-1 118 [17] 
IrCl3(PEt2Ph)3 0.3 mol L
-1 h-1 118 [17] 
[IrCl3(PBu3)3] 0.7 mol L
-1 h-1 118 [17] 
[IrH2Cl(PPh3)3] 7.4 mol L
-1 h-1 118 [17] 
[IrH3(PPh3)3] 80 mol L
-1 h-1 118 [17] 
[Rh(CO)2Cl]2 31 mol L
-1 h-1 100 [18] 
[Pt(P(iPr)3)3] TOF = 100 h
-1 20 [19] 
[Rh(C6H4PPh2)(PPh3)2] 3.3 × 10
-10 mol L-1 h-1 20 [26] 
[Pt2H3(PEt3)4][BPh4] TON = 3.3 20 [20] 
[Cp*Mo(PMe3)2(CO)H] - - [27] 
[Rh(H2)(PMe2Ph)4]BF4 - - [28] 
[Ru3(CO)12] TOF = 102 h
-1 75 [29] 
[Ru2(-CO)(CO)4(-dppm)2] TOF = 500 h
-1 r.t. [30] 
[Ru(H2O)6](tos)2 TOF = 460 h
-1 120 [21] 
[RuCl2(p-cymene)]2 TON = 42 40 [22] 
[RuCl2(PPh3)3] TOF = 2688 h
-1 40 [22] 
RuBr3·H2O/3PPh3 TOF = 3630 h
-1 40 [31] 
[RuCl2(benzene)]2/dppe TON = 852 40 [31] 
[RuCl2(benzene)]2/dppp TON = 1376 40 [31] 
[Rh(Cp*)bpy)(H2O)]SO4 TON > 80 r.t. [32] 
[Ru2Cl2(DMSO)4] TOF = 17800 h
-1 120 [33] 
[RuCl2(NH3)6] TOF = 18000 h
-1 120 [33] 
[RuCl3] TOF = 17400 h
-1 120 [33] 
[Ru2(HCO2)2(CO)4] TOF = 17800 h
-1 120 [33] 
Fe(BF4)2.6H2O TOF=9425 h






1.2.2 Heterogeneous catalysis 
For heterogeneous catalysis, the study on the decomposition of formic acid is 
well-established dating back to the 1930s. However, the early work rarely 
optimized the reaction conditions, so reaction temperatures were generally high 
(>100 oC) and CO formation was not measured in detail. Recently, the rising 
interest in formic acid as hydrogen storage material resulted in an increasing 
amount of dedicated research. Various catalyst, such as supported mono-, bi- 
and tri-metallic catalysts, have been reported to be highly active and selective 
for hydrogen production at low temperatures. Table 1-4 summarized the 
recently reported results for hydrogen production from formic acid catalyzed by 
heterogeneous catalysts. 
Some effective catalytic systems were established using supported 
monometallic catalysts. Under water-free conditions, the selectivity for 
hydrogen was generally too low for applications in fuel cells. Additionally, 
temperatures close to or above 100 oC were required to reach the relevant 
catalytic activities. For example, Ross’s group studied the gas phase formic acid 
decomposition in detail over commercial Pd/C, Au/TiO2 and Au/C at various 
metal loadings [34]. Good activity, TOF of 255 h-1 at 100 oC, was obtained for 
1 wt. % Pd/C but with considerable amounts of CO detected. Solymosi and co-
workers investigated the decomposition of formic acid over various metal 
catalysts (Ir, Pd, Pt, Ru and Rh) supported on activated carbon at a range of 
temperatures (77 – 477 oC) [35]. Ir-based catalyst was found to be the most 
active at 100 oC with high H2 selectivity (> 99%). The addition of water and a 
considerable temperature increase to 200 oC suppressed CO formation to the 
level appropriate for fuel cell applications. In contrast, the decomposition of a 
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formic acid/formate mixture in aqueous solution is more facile. Aqueous 
sodium and potassium formate solutions underwent catalytic decomposition to 
hydrogen and bicarbonate under mild reaction conditions (70 oC, open system) 
in the presence of Pd/C [15, 36]. Aqueous solution of formic acid/sodium 
formate (ratio of 1.3/1) was readily decomposed to hydrogen gas without CO 
contamination by Pd/C reduced in situ with citric acid [37]. The conversion and 
TOF reached 85 % within 160 min and 64 h-1, respectively, at room temperature. 
Au/ZrO2 with a subnanometric gold particle size of 1.8 nm was reported to be 
active for formic acid decomposition with high efficiency of a substrate/catalyst 
ratio (S/C) of 1766 at 40 oC [38]. Triethylamine was required to enhance the 
reaction and the optimum molar ratio for formic acid/amine was found to be 
2.5/1.  
The addition of a secondary metal can modify the electronic properties and 
adsorption behavior of the active phase, in turn affecting the activity. According 
to some previous researches, the adsorption strength of CO at the metal surface 
decreases as follows: Pd > Ag > Au [39]. Ag and Au do not form stable 
complexes with CO [40]. When Pd was alloyed with Ag or Au, the adsorption 
of CO was effectively inhibited, consequently the H2 productivity was improved 
[40, 41]. On the other hand, PdAg nanocatalysts were reported to facilitate O-
H bond dissociation of formic acid as well as the rate-determining C-H bond 
cleavage from the Pd-formate intermediate [42].  
According to Xing and co-workers, the addition of Ag or Au had significant 
effect on the stability of Pd nanoparticles in aqueous media [43]. While Pd/C 
quickly poisoned by CO, Pd-Au/C and Pd-Ag/C produced less amount of CO 
(a maximum of 80 ppm) at a moderate temperature of 92 oC. Recently, Xu’s 
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group studied the metal organic frameworks (MOFs) immobilized metal 
nanoparticles as catalysts for formic acid decomposition [44]. The Au-Pd/MOF 
with a very high metal loading of 20.4 wt. % (Au:Pd = 2.46) produced an 
average TOF of 125 h-1 at 90 oC. The catalyst was stable over four reaction 
cycles, but CO concentration was not measured in detail. The composition-
dependent catalysis of formic acid decomposition was shown over Pd-Ag/C 
catalysts [45]. The Pd58Ag42/C produced the highest activity without CO 
formation. An initial TOF of 382 h-1 and an apparent activation energy of ~ 22 
kJ mol-1 were obtained under mild reaction conditions (in water at 50 oC).  
By co-impregnating Pt, Ru and Bi on activated carbon, Chan et al. [46] 
invented an interesting tri-metallic system for formic acid decomposition. This 
system showed a TOF of 312 h-1 at 80 oC (based on Pt and Ru surface atoms) 
in aqueous solution, without the formation of CO. Interestingly, Pt-Ru without 
Bi did not show any activity even at high temperatures. Recently, the 
Co0.30Au0.35Pd0.35 nanoalloy supported on carbon was successfully applied as a 
stable and low-cost catalyst for CO-free hydrogen generation from formic acid 
aqueous solution [47]. The initial TOF and final conversion reached the highest 
values of 80 h-1 and 91 % at room temperature without any extra additive. 
Palladium was essential for the reaction to occur because negligible activity was 
detected for Co/C, Au/C and CoAu/C under identical condition. The bi-metallic 
CoPd/C and AuPd/C exhibited much lower activity than the tri-metallic 
CoAuPd/C. 
The bimetallic catalyst with a core-shell structure emerged as an alternative 
to the alloy catalyst to enhance the decomposition of formic acid/formate. In an 
early study, PdAu@Au/C with core–shell nanoparticles was applied in the 
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decomposition of formic acid in aqueous media [48]. Compared to the Au/C 
and Pd/C, both the activity and stability were significantly improved with no 
deactivation and low CO content of 34 ppm. Recently, Tedsree et al. [49] 
reported a systematic study of Pd-based core-shell nanoparticles. Various 
metals (Ru, Rh, Pt, Ag and Au) were introduced and the most active was found 
to be Ag-Pd (molar ratio of 1:1) nanoparticles. A maximum in TOF (626 h-1) 
was obtained at 90 oC with a moderate CO concentration of 84 ppm. The 
Ag@Pd nanoparticles were then impregnated on activated carbon and the 
resulting Ag@Pd/C catalyst showed a further increase in formic acid 
decomposition activity without any deterioration of the H2 selectivity. 
The metal particle size, catalyst support and additive can affect the 
hydrogen generation rate from formic acid decomposition. After analyzing 
results obtained from catalysts with different metal particle size (Table 1-4), it 
seemed that small particle size was not necessary to attain high catalytic activity. 
On the contrary, some researches indicated that small particles gave stronger 
CO adsorption, leading to rapid catalyst poisoning [49, 50]. Carbon was widely 
used as the support in formic acid decomposition mainly due to its acid-
tolerance. When metal-organic frameworks (MOFs) were used as the support, 
they were usually modified by grafting with ethylenediamine (EDA) before 
embedding metal nanoparticles into their pores [44, 51]. Here, the weakly basic 
–NH2 group acted as a proton scavenger, forming -+HNH2, which facilitated the 
formation of the Pd-formate intermediate. The basic resin bearing –N(CH3)2 
was also used as the support [42] and the situation was similar as that of the ED-
grafted MOFs. The amino groups can also be introduced to the catalytic reaction 
system as an additive, for example, triethylamine was added to enhance formic 
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acid decomposition with the optimum molar ratio for formic acid/amine of 2.5/1 
[38]. However, the addition of triethylamine may result in difficulties in catalyst 
regeneration due to its strong adsorption on the surface of the catalyst. 
Alternatively, formate salts can be used as additives (Table 1-4) to enhance the 
catalytic formic acid decomposition reaction and they can be easily washed 
away from the catalyst surface with water. 
In the most recent decade, formic acid decomposition catalyzed by 
heterogeneous catalysts has been extensively investigated. Excellent activity 
and hydrogen selectivity have been achieved which are comparable to that of 
homogeneous catalysts. In some cases, the reaction conditions are even milder. 
For instance, fast reaction rate and highly pure hydrogen were obtained in 
aqueous solution of formic acid at room temperature [37, 49, 50] or even 
without any extra additive [45, 47]. Most importantly, by alloying with non-
noble metals [46, 47] or doping by metalloids [52], the use of noble metal was 
reduced but enhanced activity and hydrogen selectivity were still obtained. 
However, so far, the heterogeneous catalysis still has drawbacks, such as 
systematic and detailed studies of catalyst reusability and stability are rarely 
carried out, high metal loading (> 15 wt. % of Au or Pd) are used [43-45], the 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































1.3 Application of formic acid/formates for reactions 
The catalytic transfer hydrogenation can be generalized as: 
                                                             Eq 1-3 
In principle, the hydrogen donor compound DHx can be any organic/inorganic 
compound. To enable the hydrogen transfer occur under mild reaction 
conditions, the oxidation potential for hydrogen donor is low. The list of 
hydrogen acceptors includes ketones, ,-unsaturated carbonyl compounds, 
,-unsaturated acids and esters, imines and nitro compounds. The catalytic 
transfer hydrogenation is an attractive alternative to the hydrogenation using 
highly flammable hydrogen gas. Additionally, the reaction rate and selectivity 
can be favorably affected by selecting the most appropriate hydrogen donor [54].  
The choice of hydrogen donor is generally determined by the ease of 
reaction and availability. Most of the compounds used are unsaturated 
hydrocarbons such as cyclohexene or cyclohexadiene, primary or secondary 
alcohols like methanol, benzyl alcohol or 2-propanol, and formic acid and its 
salts (Table 1-5). The use of inorganic hydrogen donor compound like 
hydrazine is less frequent [55]. Cyclohexene, because of its ready availability 
and high reactivity, is one of the preferred organic hydrogen donors. However, 
it has a low boiling point (83oC) which may limit the reaction rate. Therefore, 
higher boiling point tetralin (207.6 oC) or the readily available terpenes are also 
frequently used.  
Alcohols are widely used as hydrogen donors. According to their relative 
oxidation potentials, secondary alcohols are better hydrogen donors than 
DHx + nA
catalyst
D + nAHx Eq. 3
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primary ones [56]. Secondary alcohols were found to be good hydrogen donors 
for the reduction of ketones when they were present in large excess [56-59]. 
Among the secondary alcohols, 2-propanol is favorable because it is 
inexpensive and readily available. Also, it has an appropriate boiling point (82.5 
oC) and is a good solvent for many organic compounds. Importantly, 2-propanol 
gives acetone upon dehydrogenation, which can be easily removed from the 
reaction mixture thus shifting the equilibrium to the products.  
Although formic acid is an excellent hydrogen storage material with high 
hydrogen density (Table 1-1), it is not as good a hydrogen donor as formate 
salts. Pure formic acid cannot donate hydrogen at reaction temperatures lower 
than 100 oC mainly due to the low concentration of formate anion at low 
temperatures. Formate anion is believed to participate in the rate-determining 
step of hydrogen transfer to the metal catalyst. At higher temperatures, formic 
acid can be used as a hydrogen source for reduction reactions. For example, 
formic acid was successfully used in the hydrogenolysis of glycerol to 1,2-
propanediol [60]. A high reaction temperature of 220 oC was required to achieve 
90 % conversion with a selectivity of 82 %. By mixing with triethylamine, 
formic acid can act as hydrogen donor to reduce different functional groups or 
even decompose to generate pure hydrogen gas under mild reaction conditions 
[38]. Triethylamine (Et3N) is a colorless oily liquid with strong ammoniacal 
odor at ambient conditions. It is basic and the boiling point is 89.7 oC. 
Triethylamine can abstract the proton of formic acid, forming formate anion and 
Et3NH
+. The molar ratio of formic acid/triethylamine can affect the reaction rate 
and/or selectivity. Its effect on the reaction rate and enantioselectivity of 
asymmetric transfer hydrogenation of ketones was studied at 40 oC [61]. Using 
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acetophenone as the model substrate, both the reaction rate and 
enantioselectivity to (R)-1-phenylethanol was a maximum at a formic 
acid/triethylamine ratio of 0.2. The average reaction rate was 4 times higher 
than the commonly used azeotropic mixture (formic acid/triethylamine ratio of 
2.5/1).  
Compared to formic acid, the aqueous solution of formate is easily 
decomposed and can be directly used to provide sufficient hydrogen pressure 
for reduction reactions even at room temperature. No extra additive is needed 
for high reaction rate. When compared with other widely used hydrogen donor 
compounds, such as 2-propanol and benzyl alcohol, formates have lower 
potential hazards and are non-volatile and easier to handle. Also, formates and 
the corresponding dehydrogenation products (bicarbonates and carbonates) are 
more easily removed after the reaction by washing with water, which facilitates 
the purification of the target compound. Therefore, formates have been 
extensively investigated as hydrogen source to hydrogenate different functional 
groups and excellent results have been obtained. 
Solid sodium formate is an efficient hydrogen donor for commercial Pd/C 
catalyzed transfer hydrogenation of olefins. Various olefins, such as styrene, 
cyclohexene and cyclooctene, were converted to the corresponding saturated 
compounds with high yields (> 99%) under mild reaction conditions [62]. In the 
transfer hydrodehalogenation of chlorotoluene using potassium formate, 2-
chlorotoluene (5 mmol) was hydrodehalogenated to toluene in the presence of 
Pd/C (Pd 4 mol %) catalyst after only 17 min. Recently, Cao’s group have done 
significant work on catalytic transfer hydrogenation using formate salts. A wide 
diversity of aromatic nitro compounds were reduced to the corresponding 
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amines by using ammonium formate in ethanol at room temperature [63]. 
Reduction of aldehydes to the corresponding alcohols were achieved by using 
potassium formate in water at room temperature with excellent yields (99 %) 
[64]. Furthermore, relatively high yields (70 – 90 %) of allylic alcohols were 
obtained from the corresponding α,β-unsaturated carbonyl compounds using 
potassium formate as hydrogen donor and carrying out the reaction at a higher 
temperature (80 ºC). 
Rajagopal et al. [65] reported that in the presence of Pd on carbon (10 wt. % 
Pd/C), the hydrogen donating ability of formic acid/formates (HCOOM) 
depended on the counterion M. The activity decreased in the order Cs+ ≈ K+ > 
Na+ > Li+ > H+. The separation of formate anion from its cation, which was 
necessary for forming formate anions for the hydrogen transfer reaction, was 
significantly influenced by the polarity of the O-M bond and the internuclear 
distance between the O and M ions. The polarities of the O-M bonds were 
assumed equal based on the fact that all alkali metal hydroxides (which are 
LiOH, NaOH, KOH and CsOH) were categorized as strong bases. The 
internuclear distance thus greatly determined the ease of separation. The 
increase in cation size from Li to Cs resulted in an increase of the internuclear 
distance between the O-M bond. Hence, the degree of dissociation of formates 
and in turn, the hydrogen donating ability followed the order: HCOOCs > 
HCOOK > HCOONa > HCOOLi > HCOOH. In the hydrogenation of 
nitrotoluene, Wiener et al. [66] observed a higher activity of potassium formate 
than that of sodium formate and zero activity of formic acid. The difference in 
activity between potassium formate and sodium formate was attributed to the 
higher solubility of potassium bicarbonate (4 M at 35 ºC) than that of sodium 
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bicarbonate (1 M at 35 ºC). The insoluble sodium bicarbonate may poison the 
catalyst by covering the catalyst surface. Considering both the hydrogen density 
and hydrogen donating ability, potassium formate and sodium formate were 
determined to be the most favorable hydrogen donors. 
 
Table 1-5 Most widely used hydrogen donor compounds 
Compound Catalyst Ref 
Cyclohexene Pd [67-69] 
1,3-Cyclohexadiene Pd [70] 
1,4-Cyclohexadiene Pd [71-73] 
Tetralin Pd, Raney nickel, CoMo/Al2O3, 
zeolite, BaCl2 
[74-76] 
1,6-Dimethyltetralin zeolite, BaCl2 [74] 
6-Methyltetralin zeolite, BaCl2 [74] 
Ethanol Mg, NiO [77, 78] 
2-Propanol K3PO4, Cu/zeolite, Ni/CeO2 [57-59] 
Methanol Pd, Ni [79, 80] 
Octanol RuCl2(Ph3P)3, Cu/MgO [81] 
Cyclohexanol Raney nickel [82] 
Benzyl alcohol RuCl2(Ph3P)3, Pd [68, 83] 
Formic acid Pd, RuCl2(Ph3P)3, RhCl (Ph3P)3 [84-86] 
Formate salts (HCOOK, 
HCOONa, HCOONH4) 




1.4 Transition metal based heterogeneous catalysts 
Transition metal nanoparticles are highly attractive to use as catalysts due to 
their (i) high surface-to-volume ratio and high surface energy, which make 
surface atoms very active [90] and (ii) atom-efficient catalytic properties, which 
replace the classical stoichiometric methods and encompasses the concept of 
green chemistry [91]. Transition metal catalysts are usually employed as metals, 
oxides or sulfides [92]. Generally, noble metals of Ru, Rh, Ir, Pd, Ag and Au 
dominate transition metal catalysis because of their high catalytic activity and 
efficiency [93]. There have been numerous types of reactions catalyzed by 
transition metal catalysts, such as alcohol oxidations [94-99], hydrogenations 
[91, 93, 100, 101], cross-coupling reactions [102-107], electron transfer 
reactions [108-110], fuel cell reactions [111-113], etc. Several factors can affect 
the catalytic performance (both activity and selectivity) of transition metal 
catalysts, amongst which, particle size and catalyst support have been identified 
as the most significant ones. 
 
1.4.1 Effect of particle size 
Catalytic chemists are interested in metal particles ranging in size from roughly 
1 to 50 nm. These metal nanoparticles exhibit special physical and chemical 
properties that are intermediate between those of the smallest element from 
which they can be composed (such as metal atom, the stoichiometric unit of a 
meal oxide) and those of the bulk material [114]. The performance of transition 
metal catalysts can be sensitive to particle size. According to the effect of 
particle size on the catalytic activity, transition metal catalysis can be classified 
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into two categories, i.e., structure-insensitive and structure-sensitive reactions. 
Structure-insensitive reactions exhibit a specific rate that does not depend on 
particle size, indicating all metal atoms on the particle have comparable activity. 
Structure-sensitive reactions exhibit a specific rate that depends on particle size, 
and specific sites with special geometric arrangements are involved as so-called 
active sites [114, 115].  
The relationship between the particle size and catalytic activity is often 
explained on the basis of electronic and/or geometric effects [116-119]. For 
electronic effect, the key point lies in the interaction between the incomplete d-
band of the surface sites with the molecular orbitals of reactants and products 
[119]. The adsorption/desorption of reactants and products are governed by 
electronic factors. It should be neither too strong nor too weak to give the 
optimum coverage for reactants competing to adsorb or for products to desorb. 
The synthesis of ammonia (competition between N2, H2 and NH3) and the 
selective hydrogenation of alkynes (competition between H2 and alkynes) are 
good examples for electronic effect [119]. For geometric effect, the basic idea 
is that a reaction requires a specific type of surface atoms to occur or a specific 
arrangement between surface atoms to generate the active sites [120]. The ratio 
of defect (vertex and edge) to face atoms changes dramatically as a function of 
size for < 5-nm-diameter particles. 
 
1.4.2 Effect of support 
In homogeneous catalysis, the catalyst is in the same phase as the reactants, 
which enables all catalytic sites to be accessible to all reagents. A homogenous 
 23 
 
catalyst is typically a metal complex. The chemo-, region- and 
enantioselectivity can be tuned by choosing the most appropriate ligands. 
However, the use of homogeneous catalysis in industrial applications is limited 
by the difficulties in catalyst separation and product purification. 
To overcome the separation problems encountered in homogeneous 
catalysis, chemists have introduced heterogeneous catalysis, in which the 
catalyst and reactants are in separate phases. The primary advantages of using a 
heterogeneous catalyst are ease of separation from the products, good 
reusability of the catalyst and improved efficiency due to stable active sites. 
Heterogeneous catalysts are mostly applied in the form of supported metal 
catalysts. The primary parameter for supported metal catalysts is the support, 
which is the basis for the good reusability and stability.  
Supported metal catalysts are prepared by dispersing metal nanoparticles 
on the support. The active sites dispersed on the support can be more easily 
accessible to the reactants due to the normally high surface area of the support. 
Most importantly, supported metal nanoparticles generally have a stronger 
ability to resist the aggregation and leaching especially under harsh reaction 
conditions by the various types of metal-support interactions. This is the 
essential function of the support to enhance the reusability and stability of metal 
nanoparticle catalysts. Other effects also occur which can significantly affect 
the catalyst performances. 
Strong metal-support interaction 
In 1978, Tauster et al. [121] introduced the term “strong metal-support 
interaction” (SMSI) to describe the significant changes in the chemisorption 
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properties of group 8 - 10 noble metals supported on TiO2. The chemisorption 
capacity of metal nanoparticles for both H2 and CO decreased when using the 
reduced TiO2 as support. It was proposed that electronic and geometric factors 
may be responsible for SMSI [122]. Electronic factors involve charge transfer 
between the metal and oxide support. Geometric factors originate from the 
decoration of the meal particles by a thin layer of reduced oxide support. 
Bifunctional catalysts 
In 2001, Noyori et al. [123] defined a bifunctional catalyst as a specific set of 
hydrogenation catalysts containing both Lewis acid and Lewis base sites. 
Nowadays, a bifunctional catalyst is generally mentioned as a much broader 
term. The catalyst possessing two catalytic sites for one set of reactions is 
recognized as a bifunctional catalyst. For supported metal catalysts, these two 
catalytic sites are from the metal center and the oxide support. In general, the 
metal provides the essential active sites for the reaction to occur, while the oxide 
support promotes and significantly affects the activity and/or selectivity by its 
specific acid/base properties, hydrophilic/hydrophobic properties, confined 
effect, etc.  
 
1.4.3 Preparation of supported transition metal catalysts 
To obtain a catalyst with high activity, selectivity and stability, the active metal 
is generally dispersed on a support which results in a large specific surface area 
and consequently a maximum specific activity. The preparation for supported 
transition metal catalysts generally consists of three steps: (1) introduction of 
the metal precursor onto the support, (2) calcination of the as-obtained pre-
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catalyst and (3) reduction of the catalyst to form the active species. Several 
methods have been well established to introduce the metal precursors onto the 
support, such as wet impregnation, steric stabilization strategies, deposition-
precipitation, co-precipitation and ion exchange. Here, the first two methods 
will be briefly discussed. 
Wet impregnation 
The metal precursor is dissolved and then added as a solution to the dry 
powdered support. The mixture is stirred until it becomes slightly tacky, which 
indicates that the pores of the support are filled with the liquid. For example the 
Ag/γ-Al2O3 catalyst prepared by Shimizu et al. [96, 124] was prepared by 
impregnating γ-Al2O3 with an aqueous solution of AgNO3. 
Steric stabilization strategies 
This method involves entrapping the metal into the micro/mesopores of the 
support such as metal oxides [125] and MOFs [126]. A typical example is the 
preparation of Au@ZrO2 [127]. Gold nanoparticles were entrapped within the 
spheres which consisted of double shells of silica and zirconia. The middle silica 
shell was dissolved and gold nanoparticles were then left floating inside the 
zirconia shell, forming a yolk-shell structure (Fig. 1-2). The free space between 
the Au nanoparticles and ZrO2 shell prevents the metal from sintering but also 





Fig. 1-2 Synthetic process for gold nanoparticles embedded inside spheres 
with double or single shells [127] 
 
Another strategy involves the entrapment of metal ions by gelation of the 
support precursor. The precursors of metal and support are mixed together in an 
appropriate solvent to obtain a clear gel. Water is added to the gel and the 
support precursor is hydrolyzed forming a matrix structure. The active metal is 
thus entrapped into the support matrix. Park’s group applied this method to 
entrap Au [128], Cu [129] and Ru [130] into a fibrous support, resulting in 
nanoparticles with a very narrow size distribution (Fig. 1-3). 
 
 
Fig. 1-3 TEM images of Au/AlO(OH): (a) high resolution, (b) low resolution, 
(c) Au particle size distribution [128] 
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The second step for the preparation of supported metal catalysts is 
calcination. Before the calcination step, the material is generally dried at 80 oC 
to 200 oC to eliminate the solvent used in the first step. The calcination is carried 
out by heating the catalyst in air at a temperature usually as high as or a little 
higher than that encountered in the catalytic reaction. The purpose for calcining 
the material is to decompose the metal precursor forming a metal oxide, 
removing gaseous products (usually H2O and CO2) and cations or anions which 
have been previously introduced. The final step is to transform the precatalyst 
to the active catalyst by reduction under H2. The experimental conditions, such 
as the temperature and H2 pressure, can significantly affect the catalytic 
performance [131]. The reduction step needs to be optimized for each individual 
supported metal precatalyst. 
 
1.5 Aims of the present study 
This thesis focuses on transfer hydrogenation of carbonyl compounds using 
formic acid/formates catalyzed by transition metal based heterogeneous 
catalysts. Chapter 3 of the thesis evaluates the situation of formic acid/formates 
decomposition to generate hydrogen gas. The effect of formate anion 
concentration on the reaction rate was studied. Based on the results of this 
chapter, the hydrogenation of aldehydes and ketones using potassium formate 
was investigated in Chapters 4 and 5, respectively. The reaction conditions were 
optimized and the chemoselectivity to carbonyl groups in the presence of other 
reducible groups, such as -Cl, -NO2 and –CN groups were studied with the aim 
to improvement. Chapter 6 is about the chemoselective hydrogenation of , -
unsaturated carbonyl compounds to corresponding allylic alcohols. To improve 
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the chemoselectivity to allylic alcohols, the catalyst support was modified to 
create a special SMSI that proved to be favorable for the reduction of carbonyl 
groups. Chapter 7 focuses on the production of -valerolactone from biomass-
derived levulinic acid using formic acid as an in situ hydrogen source. Cost-
effective ruthenium catalyst was tested in this reaction instead of the commonly 
used expensive gold, platinum, iridium and rhodium catalysts. The catalyst and 
reaction condition were optimized. Chapter 8 is about the future directions to 
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Chapter 2  
Experimental 
 
2.1 Catalyst preparation 
Two methods were used for preparing the supported catalysts. In one, 
aluminium oxyhydroxide and zirconia entrapped Pd, Ru, Ag, Cu and Ni 
catalysts were prepared by sol-gel method. The precursors of support and metal 
were dispersed in 2-butanol. The support was formed by hydrolyzing its 
precursor in the presence of metal. Another method for preparing the supported 
metal catalysts was by wet impregnation where the metal salt was deposited 
onto the support, followed by drying and calcination.  
 
2.1.1 Synthesis of AlO(OH)-entrapped metal catalysts  
AlO(OH)-supported Pd catalysts 
Aluminium oxy-hydroxide (AlO(OH)) entrapped Pd catalysts were synthesized 
according to the procedure described in ref. [1]. Typically, 130 mg (0.11 mmol) 
Pd(PPh3)4 (Aldrich), 209 mg (1.10 mmol) tetra (ethylene glycol) (Sigma), 4.75 
g (19.3 mmol) (sec-BuO)3Al (Merck), and 2.4 mL (26.2 mmol) 2-butanol 
(Sigma-Aldrich, ≥ 99 %) were added to a 50 mL round-bottomed flask equipped 
with condenser. After stirring at 120 ºC for 10 h to give a black suspension, 4 
mL water  was added dropwise to initiate the gel formation. The reaction 
mixture was further stirred at 120 ºC for 30 min. The black solid was filtered, 
washed with acetone (EMPARAT, AR), and dried at room temperature in the 
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air to give the entrapped Pd catalyst as a dark olive-green powder. The 
Pd/AlO(OH) catalysts with Pd loading of 0.5, 1, 1.5, 2 and 4 wt. % were 
prepared. The as-synthesized catalysts were labelled as x wt. % Pd/AlO(OH) 
where x stands for the Pd loading. 
AlO(OH)-supported Ru, Ag, Cu and Ni catalysts 
The AlO(OH) entrapped Ru catalysts were synthesized with a slight 
modification from that reported in ref. [2], in as much that we replaced ethanol 
with 2-butanol. In a typical preparation for 1 wt. % Ru loading, 20.6 mg (0.10 
mmol) RuCl3·xH2O (Aldrich), 4 g (16.5 mmol) (sec-BuO)3Al and 2.4 mL (26.2 
mmol) 2-butanol (Sigma-Aldrich, ≥ 99 %) were added into 50 mL round bottom 
flask equipped with condenser. After stirring the solution at 100 ºC for 1 h, 4 
mL water was added and the stirring continued for another 30 min. The resulting 
black solid was filtered, washed with acetone, and dried in the air at room 
temperature. The Ru/AlO(OH) catalysts with Ru loading of 0.5, 1, 2, 5, 8 and 
10 wt. % were prepared. The as-synthesized catalysts were labelled as x wt. % 
Ru/AlO(OH) where x stands for the Ru loading. Similarly, 1 wt % of AlO(OH) 
entrapped Ag, Cu, and Ni were prepared using AgNO3 (Sigma-Aldrich), 
Cu(NO3)2·2.5H2O (GCE) and Ni(NO3)2·6H2O (Hanawa reagent) as precursors, 
respectively. The support AlO(OH) was prepared by the same procedure except 
that no metal precursors were added.  
 
2.1.2 Synthesis of ZrO2-entrapped Ru catalysts 
The preparation method was similar to that for Ru/AlO(OH). The main 
difference was that zirconium butoxide was used as the support precursor. 
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Typically, to synthesize the Ru catalyst with 2.5 wt. % Ru loading, 51.3 mg 
(0.25 mmol) RuCl3·xH2O, 3.8 g (23.8 mmol) zirconium butoxide (Fluka, ~ 80 % 
in tert-butanol) and 2.4 mL (26.2 mmol) 2-butanol were added into 50 mL round 
bottom flask equipped with condenser. After stirring the solution at 100 ºC for 
3 h, 4 mL water was added and the stirring continued for another 30 min. The 
resulting black solid was filtered, washed with acetone, and dried in the air at 
room temperature. After that, the as-obtained precatalyst was calcined in the air 
at different temperature (300 ºC, 400 ºC, 500 ºC, 600 ºC and 700 ºC) for 2 h. 
The Ru/ZrO2 catalysts with Ru loading of 1, 2, 2.5, 3, 5, 8 and 10 wt. % were 
prepared. Similarly, the 2.5 wt. % of ZrO2 entrapped Ag, Cu, and Ni were 
prepared using AgNO3, Cu(NO3)2·2.5H2O and Ni(NO3)2·6H2O as precursors, 
respectively. The TiO2 and Al2O3 entrapped 2.5 wt. % Ru were prepared using 
titanium isopropoxide (Merck) and (sec-BuO)3Al as the precursors, respectively. 
Before testing the activity, the catalyst was reduced at 300 ºC for 1 h with a flow 
of hydrogen gas (20 mL/min).  
 
2.1.3 Synthesis of the amine-modified Ru/AlO(OH) 
Amine precursors with one to three amino groups were grafted onto the 
Ru/AlO(OH) samples. Three amine compounds were used, namely, 3-
aminopropyltrimethoxysilane (1), 3-(2-aminoethylamino) 
propyltrimethoxysilane (2) and 3-(2-(2-aminoethylaminoethylamino) 



























Fig. 2-1 Amine precursors used to form amine-modified Ru/AlO(OH) 
 
In a typical synthesis of 2-modified 1 wt. % Ru/AlO(OH) with the amine 2/Ru 
molar ratio of 6, 1 g of 1 wt. % Ru/AlO(OH) (0.1 mmol Ru), 0.131 mL (0.6 
mmol) amine 2 (Fluka) and 20 mL toluene (Fisher) were added into 50 mL 
round bottom flask equipped with condenser. After refluxing for 24 h, the solid 
was filtered, washed with toluene and acetone, and dried at room temperature 
to give the amine-grafted Ru/AlO(OH) catalyst. The as-synthesized catalysts 
are denoted by n-x wt.% Ru-y where n stands for the amine precursor (1, 2 and 
3), x the ruthenium loading (1, 2, 5, 8 and 10 wt. %) and y the amine/Ru molar 
ratio (1, 2, 4, 6 and 8). Following the same procedure, the amine 2 grafted 
AlO(OH) support was prepared by refluxing 1 g of AlO(OH) and 0.655 mL (3.0 
mmol) amine 2 in toluene. 
 
2.1.4 Synthesis of activated carbon supported Pd, Ru, Ag and Pd-Ag 
catalysts 
The activated carbon (Scharlau, S.A. of 690 m2 g-1) supported metal catalysts 
were prepared by wet impregnation. Typically, to synthesize 1 g Pd/C with 1.0 
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wt. % Pd loading, an aqueous solution containing 16.7 mg (0.94 mmol) PdCl2 
(Pressure Chemicals) and 11 mg (0.19 mmol) NaCl (GCE) was stirred at room 
temperature until PdCl2 was completely dissolved. This solution was added to 
the suspension of activated carbon (0.99 g) and water (100 mL). After stirred at 
room temperature for 1 h, 18 mg (0.47 mmol) NaBH4 (Alfa Aesar) was rapidly 
added and the resulting mixture was further stirred for 4 h. The mixture was 
filtered and washed with water, and dried at room temperature for 24 h. The 
solid obtained was directly used in catalytic reactions without any pretreatment. 
Catalysts of 1 wt. % Ru/C and 1 wt. % Ag/C were prepared by the same method 
using RuCl3·xH2O and AgNO3 as metal precursors, respectively. Sodium 
chloride was not required for the preparation of these two catalysts since both 
RuCl3·xH2O and AgNO3 are easily dissolved in water. 
The preparation of activated carbon supported bimetallic PdAg was same 
as that for 1 wt. % Pd/C except that AgNO3 was added. Catalysts with different 
Ag/Pd molar ratio (denoted as PdAgx/C where x is the Ag/Pd molar ratio) were 
prepared by varying the molar ratio of AgNO3/PdCl2 while keeping the Pd 
loading at 1.0 wt. % (Table 2-1). 
 
Table 2-1 Composition control in preparing 1 g PdAgx/C 
Catalyst  Pd (mmol) Ag (mmol) PdCl2 (mg) AgNO3 (mg) 
PdAg0.5/C 0.094 0.047 16.6 8.0 
PdAg1/C 0.094 0.094 16.6 16.0 
PdAg1.5/C 0.094 0.141 16.6 24.0 




2.1.5 Synthesis of -Al2O3 supported Pd and Ru catalysts 
A typical preparation of 1 wt. % Pd/-Al2O3 is as follows. 0.99 g -Alumina 
(Merck) was added to 20 mL of ammonia solution (Merck, 25 %) of PdCl2 (16.6 
mg, 0.094 mmol). This suspension was stirred for 6 h at room temperature 
before increasing the temperature to 90 oC to evaporate the water. The slightly 
wet residue was left to dry overnight in an oven at 80 oC. After that, the sample 
was calcined at 300 oC for 4 h in air. Before testing the activity, the catalyst was 
reduced at 150 oC for 1 h with a flow of hydrogen gas (20 mL/min). 
To prepare 1 wt. % Ru/-Al2O3, -alumina (0.99 g) was added to 20 ml 
aqueous solution of RuCl3·xH2O (20.6 mg, 0.1 mmol). The suspension was 
stirred at room temperature for 1 h before adjusting the pH to 13 by adding 1 M 
NaOH (J.T Baker) dropwise. After stirring for another 5 h, the solid was filtered 
off, washed with water and dried at room temperature. 
 
2.1.6 Synthesis of ZrO2 supported Ru catalysts 
Zirconia supported Ru catalyst with a Ru loading of 2.5 wt. % was prepared. 
Zirconia (S.A. of 140 m2 g-1) was prepared according to the procedure described 
in ref. [3]. Typically, zirconia (0.98 g) was added to an aqueous solution of 
RuCl3·xH2O (51.3 mg, 0.25 mmol). This suspension was stirred for 6 h at room 
temperature before increasing the temperature to 90 oC to evaporate the water. 
The slightly wet residue was left to dry overnight in an oven at 80 oC. After that, 
the sample was calcined at 400 oC for 2 h in air. Before testing the activity, the 
catalyst was reduced at 300 ºC for 1 h with a flow of hydrogen gas (20 mL/min). 
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2.2 Catalyst characterization 
In this study, the main characterization techniques used include powder X-ray 
diffraction (XRD), N2 adsorption, transmission electron microscopy (TEM), 
thermogravimetric analysis (TGA), inductively coupled plasma atomic 
emission spectroscopy (ICP-AES) and X-ray photoelectron spectroscopy (XPS). 
 
2.2.1 Powder x-ray diffraction  
The powder x-ray diffraction (XRD) is used to identify bulk phases, monitor 
the kinetic of bulk phase transformations and estimate the particle size. 
Interaction of X-rays with samples creates secondary “diffracted” beams of X-
rays. These are related to interplanar spacing in the crystalline powder according 
to Bragg’s Law: 
𝑛𝜆 = 2𝑑ℎ𝑘𝑙 sin 𝜃 
where n is an integer known as the order of diffraction, λ is the wavelength of 
the X-rays, d is the interplanar spacing generating the diffraction, h, k, l are the 
Millers indices and θ is the diffraction angle. The crystal structure and the lattice 
parameters can be determined from the d-spacing. Each crystalline solid has its 
unique characteristic X-ray diffraction pattern, thus XRD can be used to identify 
one specific crystalline sample. 
In this study, the crystal phase of the samples was determined with a 
Siemens 5005 diffractometer equipped with a Cu anode and variable primary 
and secondary beam slits. The Cu anode was operated at 40 kV and 40 mA and 
the measured area was kept constant at 20 × 20 mm. The sample was ground 
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into a fine powder and then packed tightly on the sample holder. The sample 
surface must be smooth and flat. The recording range of 2θ was 10º to 100º with 
a step size of 0.02º and a dwell time of 1 s/step. 




 , 𝛽 = √𝐵2 − 𝑏2 
where, K is a constant taken as 0.9, θ is the diffraction angle, λ is the wavelength 
of Cu K = 0.15418 nm, β is the peak line width. The peak line width β is 
corrected for the instrumental broadening, where B is the measured peak width 
and b is the instrumental broadening. The b was determined to be 1.413 x 10-3 
rad based on the Si (111) reflection at 2θ of 26.77o. A smaller step size of 0.04º 
was used when determining the crystallite size. Curve fitting was carried out 
using the Topas software.  
 
2.2.2 N2 adsorption 
The N2 adsorption technique is used to measure the specific surface area, pore 
volume and pore size distribution of powdered solid materials. This technique 
is based on BET theory proposed by Brunauer, Emmett and Teller (BET) in 
1930’s. The BET theory assumes that the uppermost molecules in the adsorbed 
stacks are in dynamic equilibrium with the vapor and there is no interaction 
“horizontally” between molecules at different sites [4]. The BET equation is as 
follow: 
1













where, V is the volume of gas adsorbed at pressure P, Po is the vapor pressure 
of the gas at temperature T, Vm is the volume of the gas adsorbed when the 
adsorbent surface is covered with one (hypothetical) monolayer. The C is a 
constant and related to the heat of adsorption. A plot of 1/V[(P/Po)-1] versus P/ 
Po is usually a straight line in the range 0.05 ≤ P/Po ≤ 0.35. Thus Vm can be 
determined by solving the slope and intercept. The total surface area St can be 





where, Ax is the cross sectional adsorbate area (for nitrogen Ax = 16.2 Å
2) [5], 
Vm is the molar volume of adsorbate gas, and NA is the Avogadro’s number. 
The specific surface area (unit of m2 g-1) is calculated by dividing St by the 
sample weight. 
Prior to the measurements, the samples were degassed under a N2 flow at 
300 ºC for 4 h (for calcined samples) or 120 ºC for 6 h (for uncalcined samples) 
to remove any adsorbed moisture. The weight for dry sample was recorded. The 
sample was transferred to the analysis port of the instrument with a 
Micromeritics Tristar 3000. The sample is cooled to 77 K by immersing into 
liquid nitrogen. The physical adsorption of nitrogen gas occurred on the surface 
of the sample. The total pore volume is determined from the volume adsorbed 
at P/Po of 0.99. The adsorption-desorption isotherms are automatically recorded 
by the instrument. Surface area is calculated according to BET theory and pore 




2.2.3 Transmission electron microscopy 
In this study, transmission electron microscopy (TEM) measurements were used 
to determine the metal particle size and size distribution. TEM measurements 
were performed with a JEOL JEM3010 HR TEM. The sample (15 mg) was 
finely ground with a mortar and suspended in about 10 ml 2-propanol. The 
mixture was ultrasonicated for 3 × 5 min to disperse the solid. A drop of the 
suspension was placed onto a carbon-coated copper grid and dried before 
measurement. 
 
2.2.4 Thermogravimetric analysis 
Thermogravimetric analysis (TGA) measurements of the catalysts were 
performed on a Dupont SDT 2960 analyzer. About 6 mg sample was added to 
the aluminium pan (100 L) and dried in a flow of nitrogen gas (25 mL/min) at 
100 ºC for 1 h. After that, the temperature was increased from 100 to 800 ºC at 
a ramp of 10 ºC/min. The weight loss and derivative weight loss versus 
temperature were recorded. 
 
2.2.5 Inductively coupled plasma atomic emission spectroscopy 
Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) was 
performed to determine the composition of the metal catalysts. A Thermo Jarrell 
Ash Duo Iris ICP-AES instrument was used for the analysis. When preparing 
the sample solution, ~ 5 mg (accurately measured to 3 decimal places) of solids 
were weighed out using the microbalance. Aqua regia was used to dissolve the 
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solids when measuring Pd and Ru concentration while nitric acid was used for 
measuring Ag concentration. The solution was made up to exactly 10 mL in a 
volumetric flask with ultrapure water. For activated carbon supported Pd and 
Pd-Ag catalysts, the insoluble carbon was filtered off using a filter paper. A 
calibration curve was obtained using standard solutions. The samples were then 
analyzed and their concentration was deduced from the calibration graph. 
 
2.2.6 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) is one of the most extensively used 
techniques in surface analysis. The XPS is based on Einstein’s explanation of 
the photoelectric effect, whereby photons can induce electron emission from a 
solid provided the photo energy (hv) is greater than the work function. The 
kinetic binding energy of the photoelectron (Ek) as measured by the analyzer is 
given by: 
𝐸𝑘 = ℎ𝑣 − 𝐸𝐵 −  
where h is Plank’s constant, vis the X-ray photon frequency, EB is the binding 
energy of a core electron, and   is the work function of the analyzer. The 
binding energy is characteristic for each chemical element thus XPS can be used 
to determine the composition of the sample. Given the ability to measure the 
binding energy at a high resolution, XPS is used to determine the chemical states 
of an element.  
In this study, XPS was used to determine the oxidation state of ruthenium 
and nitrogen in the amine modified Ru/AlO(OH) catalysts. The measurement 
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was conducted on a VG-Scientific ESCALAB Mark 2 spectrometer equipped 
with a hemispherical electron analyzer and an Mg K anode (1253.6 eV, 300 
W). Curve-fitting was carried out using a nonlinear (Shirley type) least-squares 
fitting software (XPS-PEAK41) to separate the overlapping peaks. Due to the 
charging problem of the insulating samples, the binding energy values were 
referenced to the C 1s line at 284.6 eV. 
 
2.3 Catalytic experiments 
2.3.1 Decomposition of formic acid 
 
The decomposition of formic acid over the 1 wt. % Pd/C and PdAgx/C was 
investigated. Formic acid (HCOOH, Fluka, 98 %) and potassium formate 
(HCOOK, Aldrich, 99 %) were used as received. Aqueous solutions of HCOOH 
(1 M) and HCOOK (1 M) with a set molar ratio of HCOOH/HCOOK were 
added to a two-necked round bottom flask. A bent tube containing 50 mg of the 
1 wt. % Pd/C or PdAgx/C was connected to one neck of the flask while a NaOH 
trap (5 M) was connected to the other neck (Fig. 2-2). The system was evacuated 
to get rid of air and then filled with nitrogen gas. The catalyst was added to the 
reactant solution to initiate the decomposition reaction. A pressure gauge was 
used to monitor the progress of the reaction after any evolved CO2 removed by 
the NaOH trap. The pressure readings were taken at regular intervals. The mole 
of the H2 gas formed was calculated from the ideal gas law of PV = nRT. The 
effect of the molar ratio of HCOOH/HCOOK on the reaction rate was studied 





at room temperature using 1 wt. % Pd/C. The effect of temperature was 
investigated by immersing the reaction flask in a water bath. 
 
 
Fig. 2-2 Setup for the decomposition of formic acid 
 
2.3.2 Hydrogenation of aldehydes and ketones 
The catalytic transfer hydrogenation of aldehydes and ketones was carried out 
by using potassium formate as the hydrogen source. Benzaldehyde (Sigma-
Aldrich, 99 %) was studied as a model compound. Typically for the 
hydrogenation reaction over the Pd/AlO(OH) catalysts, 0.1 mL (1 mmol) 
NaOH trap
H2 and CO2




benzaldehyde, 0.252 g (3 mmol) potassium formate, 0.216 mL (12 mmol) water 
and 5 mL (87 mmol) ethanol (Alfa Aesar) were added to a 25 mL round-bottom 
flask. After heating the reaction mixture to 45 ºC under a flow of nitrogen, 50 
mg of 1 wt. % Pd/AlO(OH) (0.5 mol % of Pd) was added. Samples were taken 
at regular intervals and analyzed by gas chromatography (GC, HP5 capillary 
column, FID). For GC analysis, the oven temperature was hold at 120 ºC for 2 
min and then increased to 300 ºC at a ramp of 20 ºC/min. The products were 
identified by gas chromatography mass spectrometry (GC-MS). For comparison, 
direct hydrogenation of benzaldehyde using molecular H2 was carried out in an 
autoclave. The reaction mixture of 0.1 mL (1 mmol) benzaldehyde, 5 mL (87 
mmol) ethanol and 50 mg of 1 wt. % Pd/AlO(OH) was added into the autoclave. 
After purging with flowing He, the H2 pressure was adjusted to 0.5 MPa and the 
temperature increased to 45 ºC. For recycling tests, the used catalysts were 
recovered by centrifugation, washed with water followed by ethanol and dried 
at room temperature before use. 
For the hydrogenation reaction over Ru/AlO(OH) catalysts, the procedure 
was similar. The reaction mixture contained 0.2 mL (2 mmol) benzaldehyde, 
0.504 g (6 mmol) potassium formate, 0.54 mL (30 mmol) water and 5 mL (65 
mmol) dimethylformamide (DMF, Alfa Aesar). The reaction temperature was 
100 ºC and 100 mg 1 wt. % Ru/AlO(OH) (0.5 mol % Ru) was used. For the 
catalytic transfer hydrogenation of ketones, 200 mg of 2 wt. % Ru/AlO(OH) 
was used instead. Other aldehydes and ketones were investigated using the same 




2.3.3 Hydrogenation of , -unsaturated carbonyl compounds 
The catalytic transfer hydrogenation of cinnamaldehyde using potassium 
formate as hydrogen donor was carried out in a round bottom flask (25 mL) 
containing a mixture of 0.126 mL (1 mmol) cinnamaldehyde (Fluka, ≥ 98 %), 
0.252 g (3 mmol) potassium formate, 0.27 mL (15 mmol) water and 5 mL (65 
mmol) DMF. After heating the reaction mixture to 100 ºC under a flow of 
nitrogen, 100 mg of Ru/AlO(OH) or 200 mg of amine-modified Ru/AlO(OH) 
was added. Samples were taken at regular intervals and analyzed by GC (HP5 
capillary column, FID). The GC parameters were same as that for the aldehydes 
and ketones except that the initial temperature for oven was 140 ºC. Under these 
conditions, the retention times are shown in Fig. 2-3. The products were 
identified by GC-MS. The selectivity to cinnamyl alcohol was defined as the 
sum of cinnamyl alcohol divided by the sum of all products formed. Other ,-
unsaturated aldehydes and ketones were investigated using the same conditions 
as above. 
For comparison, hydrogenation of cinnamaldehyde using molecular H2 
was carried out in an autoclave. The reaction mixture of 0.126 mL (1 mmol) 
cinnamaldehyde, 5 mL (65 mmol) DMF and 100 mg of 1 wt. % Ru/AlO(OH) 
or 200 mg of 2-1 wt. % Ru/AlO(OH)-6 was added into the autoclave. After 
purging with flowing He, the H2 pressure was adjusted to 0.5 MPa and the 





Fig. 2-3 Gas chromatogram for the hydrogenation of cinnamaldehyde 
 
2.3.4 Hydrogenation of levulinic acid 
 
Formic acid and potassium formate were used as the hydrogen sources. A ZrO2-
supported Ru catalyst was used for the reaction as ZrO2 is insoluble under the 
acidic condition, pH of 1.8 ~ 4.1. Before testing the activity, the Ru/ZrO2 
catalyst was reduced at 300 ºC for 1 h with a flow of hydrogen gas (20 mL/min). 
Typically, the reaction mixture containing 0.507 mL (5 mmol) levulinic acid 
(Aldrich, 98 %), 0.095 mL (2.5 mmol) formic acid, 0.21 g (2.5 mmol) potassium 
formate and 12 mL H2O was added into the autoclave. After purging with 
flowing He for 5 times, the autoclave was sealed and then the reaction 
temperature was increased to 150 ºC. After reacting for 12 h, the catalyst was 











Levulinic acid -Hydroxyvaleric acid -Valerolactone
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and GC. For HPLC analyses, the column used was the HyperREZ XP 
Carbohydrate column. The conditions were: mobile phase 5 mM H2SO4 
solution (0.6 mL/min), oven temperature 70 ºC, and detection by UV at 
absorption wavelength of 210 nm and 263 nm. For GC analyses, 5 mmol 
dimethoxyethane was added as an external standard to the reaction mixture 
before injecting into the chromatograph equipped with a FFAP column and a 
FID detector. The oven temperature was hold at 100 ºC for 5 min, and then 
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Hydrogen generation from formic acid decomposition with 
potassium formate as the additive 
 
3.1 Introduction 
Formic acid is an excellent hydrogen storage material with a high hydrogen 
density of 43.5 g/kg. Without any additives, the hydrogen generation rate from 
formic acid decomposition in aqueous solution is extremely low [1, 2]. 
Despite efforts to improve the efficiency of hydrogen generation, only 
moderate results have been obtained. For example, the initial turnover 
frequency (TOF) was extremely low (80 h-1) at room temperature using a 
tri-metallic catalyst of Co0.30Au0.35Pd0.35/C [2]. High conversion (~ 90 %) was 
only obtained after a long reaction time of 10 h. Although higher TOF (> 200 
h-1) could be achieved when increasing the temperature (> 50 ºC), this 
increases the risk of forming carbon monoxide [1, 3, 4]. By using additives, 
the hydrogen generation rate is significantly improved as seen in Table 1-4. 
Formates and amines are commonly used additives. Formates are determined 
to be more favorable than amines when considering the possible negative 
effect of amines on catalyst regeneration due to its strong adsorption on the 
surface of catalyst. Formates are highly soluble in water thus can be easily 
washed away with water. 
Formate salts, such as sodium formate and potassium formate, can liberate 
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hydrogen through a hydrolysis reaction when using homogeneous [5] or 
heterogeneous catalysts [6, 7]: 
                      Eq. 3-1 
It was clearly demonstrated by Wiener et al. that the hydrogen molecule is 
formed by combination of a hydride from the C-H bond breakage in formate 
anion and proton supplied by the water. However, some researchers found that 
this formate hydrolysis reaction did not occur with their catalytic systems, as a 
molar ratio for H2 : CO2 of 1 : 1 due to HCOOH decomposition was measured 
[8]. The hydrolysis reaction of formate is reversible, and the bicarbonate can 
be converted back to formate under mild conditions [9]. Nevertheless, a 
number of studies show that the presence of formate anion in the formic acid 
solution significantly accelerates the hydrogen generation rate (Table 1-4). To 
explain the promotional effect of formate anions, the adsorbed formate was 
suggested to induce a favorable adsorption orientation of formic acid on the 
catalyst (Fig. 3-1) thus promoting the dehydrogenation [10, 11]. In the 
presence of preadsorbed formate, formic acid could adsorb with the CH-down 
configuration near the formate. In this configuration, the CH bond of formic 
acid is more easily broken than that in the O-down configuration [10]. It was 
concluded that formates are not the active intermediates for CO2 production 
nor the site blocking species, but serves as a catalyst for the dehydrogenation 
of formic acid. The adsorbed formate disrupted the H-bonding network of 
water at the water/metal surfaces by creating a hydrophobic region at the 




direction perpendicular to the formate plane. This feature benefited the 
adsorption of formic acid in the CH-down configuration by reducing the 
solvation energy cost of formic acid moving from the bulk solution to the 
metal surface. However, other theoretical studies showed that the formate is 
the reactive intermediate for the formic acid dehydrogenation [12-15]. A 
metal-formate species is formed during the initial step of the reaction. This 
metal-formate species undergoes -hydride elimination to produce CO2 and a 
metal-hydride species in this rate-determining step. The reaction of the 
metal-hydride species with one proton from HCOOH produces molecular 
hydrogen, along with the regeneration of the metal surface.  
 
 
Fig. 3-1 Density functional theory optimized structures for key adsorbed states. 
(a) HCOOH-(H2O)4 adsorption in the O-down configuration; (b) 
HCOOH-(H2O)4 in the CH-down configuration. [10, 11] 
 
The use of heterogeneous catalysts for HCOOH decomposition typically 
involves high metal loading (> 15 wt. % of Au or Pd) for the efficient 
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hydrogen generation [1, 12, 16], and complicated and subeconomic catalyst 
preparations are used [1, 2, 17]. Although excellent activity and hydrogen 
selectivity for the catalytic formic acid decomposition have been achieved 
with formates as additives, there are no detailed studies on the addition of the 
formate anion. Hence, this study investigated the use of low metal loading for 
HCOOH decomposition. Palladium was used because of its reported excellent 
activity at mild reaction conditions [7]. A Pd loading of 1 wt. % supported on 
activated carbon (Scharlau, S.A. of 690 m2 g-1) was used. Bimetallic Pd-Ag 
catalysts were also tested for its effect on the efficiency of hydrogen 
generation. The Pd was kept at 1 wt. % while the Ag loading was from 0.5 to 2 
wt. %. The samples were denoted as PdAgx/C where x stands for the Ag/Pd 
molar ratio. The relationship between the activity and formate anion 
concentration was investigated. The study also looked into the catalyst 
reusability and stability.  
 
3.2 Results and discussion 
3.2.1 Catalyst characterization 
The 1 wt. % Pd/C, 1 wt. % Ag/C and PdAgx/C catalysts were synthesized by 
the wet impregnation method. The metal composition for the catalysts were 
determined by ICP-AES. The actual Pd content for the 1 wt. % Pd/C was 0.98 
wt. %, which was consistent with the expected content of 1 wt. % (Table 3-1). 
The actual Ag loading for the 1 wt. % Ag/C was measured to be 0.97 wt. %. 
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Keeping the Pd content at 1 wt. %, the composition control for PdAgx/C was 
successfully achieved by varying the molar ratio of AgNO3/PdCl2. For 
PdAg1/C, the measured Pd and Ag loadings were 0.91 and 0.89 wt. %, 
respectively, giving a Ag/Pd molar ratio of 0.96. 
 





Ag/Pd molar ratio Crystallite size 
(nm)a 
Expected Measured 
1 wt. % Pd/C 0.98 - - - 6.9 
b1 wt. % Pd/C 0.94 - - - 7.1 
PdAg0.5/C 0.92 0.47 0.5 0.51 4.1 
PdAg1/C 0.91 0.89 1.0 0.96 4.1 
cPdAg1/C 0.89 0.88 1.0 0.97 4.6 
PdAg1.5/C 0.96 1.46 1.5 1.49 5.6 
PdAg2/C 0.95 1.85 2.0 1.95 6.4 
1 wt. % Ag/C - 0.97 - - 18.0 
aCalculated using the Debye-Scherrer equation. 
bAfter 4 runs.  
cAfter 6 runs. 
 
The average crystallite size of the catalyst was calculated using the 
Debye-Scherrer equation based on the X-ray diffraction (Table 3-1). The 
X-ray diffractograms for the 1 wt. % Pd/C shows a broad and weak Pd (111) 
peak at 2 of ~ 40o which may be due to the small crystallite size (6.9 nm) and 
the good metal dispersion (Fig. 3-2). The Ag (111) peak for the 1 wt. % Ag/C 
at 2θ of ~ 38º was narrower, which can be attributed to bigger Ag crystallites 
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(18.0 nm). With the increase of Ag loading in PdAgx/C, the peak at 40º shifted 
to lower values, indicating an increase in the (111) interplanar value and 
supporting the formation of Pd-Ag alloy. When the Ag/Pd molar ratio was 
higher than 1, the Ag (111) peak could also be seen next to the alloy (111) 
peak, indicating the existence of both the Pd-Ag alloy phase and the pure Ag 
phase. The addition of Ag reduced the crystallite size of the PdAgx/C samples, 
and the average size ranked as PdAg2/C > PdAg1.5/C > PdAg1/C ≈ PdAg0.5/C. 
The preparation of the catalyst is simple and green involving no organic 
reducing agents and surfactant and using water as the reaction medium. 
 
 
Fig. 3-2 XRD diffractograms for (a) activated carbon, (b) 1 wt. % Pd/C, (g) 1 
wt. % Ag/C and PdAgx/C with Ag/Pd molar ratio of (c) 0.5, (d) 1, (e) 1.5 and 
(f) 2. (Dashed line and solid line denote standard (111) peak positions of bulk 
Ag and Pd, respectively.) 
 
3.2.2 Decomposition of formic acid using formate as additive 
































The decomposition of formic acid and the hydrolysis of potassium formate in 
aqueous solution were studied using 1 wt. % Pd/C catalyst. For 1 mmol formic 
acid as the substrate without any additives, a 60 % conversion was obtained at 
room temperature after 5 h with an initial TOF of 116 h-1 (Table 3-2, entry 1). 
In comparison, using 1 mmol potassium formate as substrate, the hydrolysis 
reaction generating molecular hydrogen and potassium bicarbonate was slower, 
with 37 % conversion and an initial TOF of 76 h-1 (Table 3-2, entry 11). To 
investigate the effect of formic acid/formate mixtures, potassium formate was 
added keeping the total amount of formic acid and potassium formate at 1 
mmol. The initial TOF increased significantly, from 116 to 170 h-1 when 0.9 
mmol HCOOH and 0.1 mmol HCOOK were used as the substrate (Table 3-2, 
entry 2). Increasing the HCOOK concentration to 0.6 mmol resulted in a 
maximum TOF of 591 h-1 (Table 3-2, entry 7). Further increase of the 
HCOOK concentration led to a sharp drop in the TOF. For example, the TOF 
was 214 h-1 at the HCOOK concentration of 0.9 mmol (Table 3-2, entry 10), 
which was ~ threefold lower than that at 0.6 mmol. The trend of the 
conversion after 5 h was different from that of the TOF. The addition of 0.1 
mmol HCOOK led to full conversion after 5 h but higher HCOOK amounts 
decreased the conversion. Between 0.1 to 0.3 mmol HCOOK, the conversion 
was only decreased slightly but for HCOOK higher than 0.4 mmol, it dropped 
significantly. Less than 50 % conversion was obtained when using 0.9 mmol 
HCOOK. Commercial Pd/C (10 wt. % of Pd, from Pressure Chemicals) was 
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also active for the decomposition reaction but the reaction rate was extremely 
low (TOF of 26 h-1 and conversion of 26 % after 5 h) under identical reaction 
conditions. No activity was detected for the 1 wt. % Ru/C and 1 wt. % Ag/C 
catalysts even when the reaction temperature increased to 60 ºC.  
 
Table 3-2 Effect of HCOOK/HCOOH on the H2 generation 
Entry Substrate Molar ratio of 
HCOOK/HCOOH 
Conv. TOF 
 HCOOH HCOOK (%)  (h-1)a 
 (mmol) (mmol)   
1 1.0 0 0 60 116 
2 0.9 0.1 0.11 100 170 
3 0.8 0.2 0.25 98 202 
4 0.7 0.3 0.43 95 252 
5 0.6 0.4 0.67 86 277 
6 0.5 0.5 1.0 77 328 
7 0.4 0.6 1.5 76 591 
8 0.3 0.7 2.33 71 450 
9 0.2 0.8 4 57 261 
10 0.1 0.9 9 48 214 
11 0 1.0 - 37 76 
Reaction conditions: 1 mL aqueous solution containing different amounts of 
formic acid and potassium formate, 50 mg 1 wt. % Pd/C (0.46 mol % of Pd), 
25 ºC, under N2, 5 h.  
aCalculated from the conversion after 10 min (mmol H2 / mmol metal h
-1). 
 
The kinetic profile shows that the initial reaction rate increased as the 
HCOOK/HCOOH molar ratio increased from 0 to 1.5 (Fig. 3-3). Further 
increasing the HCOOK/HCOOH ratio from 1.5 to 9 led to significant decrease 
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of the initial reaction rate. The decomposition of the formic acid/formate 
mixture was slower after a period of time and the increase in the 
HCOOK/HCOOH ratio shorten the time needed before the reaction rate 
dropped. These results indicated that the formation of hydrogen required both 
formic acid and formate to adsorb on the catalyst surface and formate 
adsorbed more strongly than formic acid. Considering the effect on the 
reaction rate and final conversion, the optimum HCOOK/HCOOH molar ratio 
was determined to be 0.11 (Fig. 3-4), at which full conversion of 1 mmol 




Fig. 3-3 Kinetic profile for the formic acid decomposition reaction with 

































Fig. 3-4 Effect of the HCOOK/HCOOH on the initial TOF and the conversion 
after 5 h. 
 
Effect of reaction temperature 
The effect of the reaction temperature on the hydrogen generation rate was 
studied. An aqueous solution of formic acid and potassium formate 
(HCOOK/HCOOH molar ratio of 0.11, 1 mmol in total) was used. The rate of 
hydrogen generation significantly increased with the increase of reaction 
temperature. For example, the TOF at 45 oC was three times higher than that at 
25 oC (Table 3-3, entries 1 and 2). Further increasing the reaction temperature 
to 60 oC, an even higher TOF of 740 h-1 was obtained with full conversion 
after only 40 min (Table 3-3, entry 3). Considering the practical application of 
formic acid as the hydrogen carrier for fuel cells, the upper limit of the 
reaction temperature was fixed at 60 oC in the present study. Increasing the 
substrate amount to 2 mmol gave an even higher TOF of 885 h-1 with full 


































Table 3-3 Effect of the reaction temperature on the hydrogen evolution 
Entry T (oC) Time (h) Conv. (%) TOF (h-1)a 
1 25 5 100 170 
2 45 1 100 553 
3 60 0.67 100 740 
4b 60 5 100 885 
Reaction conditions: formic acid (0.9 mmol) and potassium formate (0.1 mmol) 
in 1 mL water, 50 mg 1 wt. % Pd/C, under N2. 
aCalculated from the conversion after 10 min.  
bFormic acid (1.8 mmol) and potassium formate (0.2 mmol) in 2 mL water.  
 
Reusability and stability of 1 wt. % Pd/C 
The 1 wt. % Pd/C catalyst was separated from the reaction mixture by 
centrifugation, and then washed with water for three times. After drying in 
vacuum at room temperature for 24 h, the catalyst was directly used for the 
next catalytic run without any pretreatment. No significant change of the final 
conversion was observed and the conversion after 5 h was > 93 % for all the 4 
runs (Fig. 3-5). A slight increase of TOF was obtained for the following 3 runs 
(Fig. 3-6) and the TOF ranged from 1050 h-1 to 1090 h-1 for the reuse reactions. 
The Pd content after 4 runs was 0.94 wt. % (Table 3-1) indicating no 
significant leaching of Pd was present. No change in the XRD diffractograms 
was observed for the 1 wt. % Pd/C after 4 runs (Fig. 3-7). The Pd crystallite 
size slightly increased from 6.9 to 7.1 nm (Table 3-1). Hence, the 1 wt. % 






Fig. 3-5 Reusability of the 1 wt. % Pd/C. Reaction conditions: formic acid (1.8 
mmol) and potassium formate (0.2 mmol) in 2 mL H2O, 50 mg catalyst, 60 
oC, 
under N2, 5 h.  
 
 





































Fig. 3-7 XRD diffractograms for the 1 wt. % Pd/C (a) fresh and (b) after 4 
runs. 
 
3.2.3 Bimetallic Pd-Ag/C for decomposition of formic acid/formate 
Effect of Ag/Pd molar ratio 
Bimetallic PdAg/C was tested for its efficiency in hydrogen generation from 
the formic acid/formate decomposition. Catalysts with different Ag/Pd molar 
ratio were prepared keeping the Pd loading at 1 wt. %. The 1 wt. % Ag/C was 
inactive even when the reaction temperature increased to 60 oC. Compared 
with the 1 wt. % Pd/C, a moderate increase of TOF from 170 to 221 h-1 was 
obtained at the Ag/Pd molar ratio of 0.5 (Table 3-4, entries 1 and 3). 
Increasing the Ag/Pd ratio from 0.5 to 1 resulted in a further increase of TOF 
to 271 h-1, which was 1.6 times higher than that for the 1 wt. % Pd/C (Table 
3-4, entries 1 and 4). However, the TOF dropped to 193 and 178 h-1 for higher 
Ag/Pd ratio of 1.5 and 2, respectively (Table 3-4, entries 8 and 9). Therefore, 
the optimum molar ratio for Ag/Pd was determined to be 1 (Fig. 3-8). Over the 




























271 to 322 h-1 when the substrate amount changed from 1 to 2 mmol (Table 
3-4, entries 3 and 5). At a reaction temperature to 60 oC, full conversion of the 
2 mmol substrate was obtained after only 3 h. The initial TOF, 1047 h-1, was 
about 1.2 times higher than that catalyzed by 1 wt. % Pd/C (Table 3-4, entries 
2 and 6). Further increasing the substrate to 3 mmol resulted in a moderate 
increase of TOF from 1047 h-1 to 1199 h-1 (Table 3-4, entry 7). Full conversion 
of the 3 mmol substrate was achieved after 5 h. 
The addition of Ag to Pd can modify the electronic properties and the 
strength of carbon monoxide adsorption to the metal, in turn affecting the 
hydrogen productivity [1, 14]. In the present study, no carbon monoxide was 
detected for all the decomposition reactions. The main reason for the improved 
hydrogen productivity using the PdAg1/C catalyst may be the modification of 
electronic properties by transferring electrons from Ag to Pd [17]. This 
modified active phase was reported to facilitate the O-H bond dissociation of 
formic acid as well as the C-H bond cleavage of the formate anion which are 
involved in the rate-determining step [14]. The molar ratio for Ag/Pd is 
important because excess Ag negatively affects the reaction as observed in this 
study when the Ag/Pd was higher than 1.5. The excess Ag exists as pure bulk 
Ag phase (Fig. 3-2) which may cover the active phase, resulting in the drop in 





Table 3-4 Comparison of the PdAgx/C with the 1 wt. % Pd/C on the hydrogen 
generation rate 
Entry Catalyst T (oC) Time (h) Conv. (%) TOF (h-1)a 
1 1 wt. % Pd/C 25 5 100 170 
2b 1 wt. % Pd/C 60 5 100 885 
3 PdAg0.5/C 25 3.5 100 221 
4 PdAg1/C 25 2 100 271 
5b PdAg1/C 25 6 100 322 
6b PdAg1/C 60 3 100 1047 
7c PdAg1/C 60 5 100 1199 
8 PdAg1.5/C 25 3.5 100 193 
9 PdAg2/C 25 6 100 178 
Reaction conditions: formic acid (0.9 mmol) and potassium formate (0.1 mmol) 
in 1 mL water, 50 mg 1 wt. % Pd/C or PdAgx/C, under N2. 
aCalculated from the conversion after 10 min.  
bFormic acid (1.8 mmol) and potassium formate (0.2 mmol) in 2 mL water.  
cFormic acid (2.7 mmol) and potassium formate (0.3 mmol) in 3 mL water. 
 
 
Fig. 3-8 Kinetic profile for the formic acid decomposition over PdAgx/C 
catalysts with different Ag/Pd molar ratio. Reaction conditions: formic acid 
(0.9 mmol) and potassium formate (0.1 mmol) in 1 mL water, 50 mg PdAgx/C, 

























Reusability and stability of PdAg1/C 
The reusability of the PdAg1/C was studied. The catalyst was regenerated by 
the same procedure as that for the 1 wt. % Pd/C. High conversion and initial 
TOF were maintained for 6 runs. The conversion was > 96 % (Fig. 3-9) and 
the initial TOF ranged from 1000 h-1 ~ 1400 h-1 (Fig. 3-10). The respective Pd 
and Ag content for the PdAg1/C after 6 runs was 0.89 and 0.88 wt. % (Table 
3-1) indicating no leaching of metals was present. The XRD diffractograms 
showed no change from the fresh catalyst (Fig. 3-11). The average crystallite 
size was 4.6 nm after 6 runs which is comparable to that of the fresh catalyst 
(Table 3-1). Therefore, the PdAg1/C was highly stable in the present catalytic 
system and produced good reusability. 
 
 
Fig. 3-9 Reusability of the PdAg1/C. Reaction conditions: formic acid (1.8 
mmol) and potassium formate (0.2 mmol) in 2 mL water, 50 mg PdAg1/C, 60 





















Fig. 3-10 Initial TOFs for reuse runs over the PdAg1/C. 
 
 
Fig. 3-11 XRD diffractograms for the PdAg1/C (a) fresh and (b) after 6 runs. 
 
3.2.4 Comparison with literature results 
Compared with the literature results obtained over monometallic Pd catalysts 
listed in Table 1-4 of Chapter 1, the present 1 wt. % Pd/C was much more 
efficient with higher S/C (substrate to catalyst ratio), conversion and TOF. 










































Similarly, our alloy catalyst of PdAg1/C was more efficient than the bimetallic 
catalysts reported so far (Table 1-4). For example, our PdAg1/C decomposed 
formic acid/formate at room temperature with a similar TOF to that of the 
Pd42Ag58/C at higher temperature of 50 
oC [1]. The preparation for the 
Pd42Ag58/C catalyst is complicated and subeconomic. Organic compounds of 
oleylamine and 1-octadecene were used and the PdAg nanoparticle solution 
was heated in 1-octadecene at 180 °C for 30 min before depositing on the 
activated carbon. Recently, Tedsree et al [17] reported the Ag@Pd/C catalyst 
(Ag/Pd molar ratio of 1) with a core-shell structure. An initial TOF of 196 h-1 
was obtained at room temperature which is much lower than that over the 




Potassium formate was used as an additive in the formic acid decomposition 
reaction to produce hydrogen gas. The catalysts used were the 1 wt. % Pd/C 
and the bimetallic PdAgx/C prepared by a simple and green process with water 
as the reaction medium. The 1 wt. % Pd/C was highly active for the 
decomposition of formic acid/formate mixture. At the optimum molar ratio of 
HCOOK/HCOOH of 0.11 (1/9), high initial TOFs of 170 h-1 and 322 h-1 were 
obtained at 25 oC and 60 oC, respectively. After alloying Pd with Ag, the 
hydrogen generation rate was enhanced. Over the optimum catalyst of 
PdAg1/C, excellent initial TOF of 322 h
-1 and 1199 h-1 were achieved at 
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respective 25 oC and 60 oC. Both the 1 wt. % Pd/C and PdAg1/C catalysts 
exhibited good stability and reusability. When compared with literature results 
obtained over heterogeneous catalysis, the present 1 wt. % Pd/C and PdAg1/C 
were more efficient with higher S/C, conversion and initial TOF, less amounts 
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Transfer hydrogenation of aldehydes using potassium formate 
over AlO(OH)-supported palladium catalysts 
 
4.1 Introduction 
The reduction of aldehydes and ketones to the corresponding alcohols is an 
important synthetic transformation, both in the laboratory and industry [1, 2]. 
Although a number of methods [3] have been developed, the search for new 
facile, cost-effective and ecofriendly procedures that avoids the use of 
stoichiometric reducing agents or hazardous molecular hydrogen has attracted 
substantial interest. An attractive alternative is catalytic transfer hydrogenation, 
which is operationally simple and avoids the use of molecular hydrogen. In 
catalytic transfer hydrogenation, the reduction is carried out in the presence of 
a catalyst using an organic/inorganic molecule as the hydrogen donor [4]. To 
enable the hydrogen transfer reaction to occur under mild conditions, the 
oxidation potential of the hydrogen donor must be sufficiently low. The donor 
molecules include hydroaromatics [5, 6], unsaturated hydrocarbons [7, 8], 
alcohols [9-12], formic acid [13-15], formate salts or a mixture of both [16-19]. 
Formates are of particular interest, because they are stable and easily available 
[19]. The hydrolysis reaction of formate to hydrogen and bicarbonate is 
reversible (Eq. 3-1), and the bicarbonate can be converted back to formate 
under mild conditions [20]. 
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A number of very active homogeneous catalysts based on platinum, 
rhodium, iridium and ruthenium have been reported for transfer hydrogenation 
reactions using formic acid/formates [21-25]. However, the homogeneous 
catalysts suffer from problems such as difficulty in the recovery and reuse, and 
the necessity for a base or ligand. From a practical point of view, a 
heterogeneous catalyst for transfer hydrogenation reactions is highly desirable 
for better atom economy. Palladium/carbon was reported to be active for the 
transfer hydrogenation of aldehydes and nitroaromatics using formic 
acid/formates as the hydrogen donor [13, 16, 18, 19, 26]. Recently, gold 
supported on zirconia was reported to catalyze the hydrogenation of levulinic 
acid to -valerolactone using formic acid or butyl formate [27, 28]. However, 
the reaction is believed to occur via in-situ generation of hydrogen by 
decomposition of the formic acid or butyl formate rather than by transfer 
hydrogenation. 
The reduction of aldehydes to corresponding alcohols using potassium 
formate as the hydrogen donor was investigated. The study investigates 
whether the reduction occurs via direct transfer hydrogenation process or via 
evolved hydrogen from the formate decomposition. By carrying out the 
reaction using gaseous hydrogen, it is possible to deduce the mode of 
reduction. The catalyst used was aluminum oxyhydroxide (AlO(OH)) 
supported palladium prepared by a sol-gel method. Palladium was chosen due 
to its good activity for producing hydrogen gas from the formate hydrolysis 
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reaction as shown in Chapter 3. The support AlO(OH) was formed by the 
condensation of aluminium sec-butoxide in the presence of palladium. This 
mode of preparation was developed by the group of Park who reported that the 
AlO(OH)-entrapped metal nanoparticles formed highly active catalysts 
[29-32]. Optimum reaction conditions were established with benzaldehyde as 





4.2 Results and discussion 
4.2.1 Catalyst characterization 
The 0.5 wt. % Pd/AlO(OH) sample had a high surface area of 473 m2 g-1 and a 
large pore volume of 0.77 cm3 g-1, reflective of the textural properties of the 
support (Table 4-1). The nitrogen isotherms of the sample showed a Type 4 
hysteresis indicating the presence of mesopores (Fig. 4-1a). The sample 
contained pores that were bimodally distributed: the smaller pores were 
narrowly distributed from 2 to 4 nm while larger pores showed a broader 
distribution from 5 to 12 nm (Fig. 4-1b). The surface area decreased from 473 
to 392 m2 g-1 for 0.5 to 4 wt. % Pd/AlO(OH). However, despite the increase in 
metal loading, the pore volume did not change significantly, remaining at 
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around 0.74 to 0.78 cm3 g-1. 
 
Table 4-1 Textural properties of catalysts 
Catalysts Surface area (m2 g-1) Pore volume (cm3 g-1) 
AlO(OH) 401 1.09 
0.5 wt. % Pd/AlO(OH) 473 0.77 
1 wt. % Pd/AlO(OH) 464 0.78 
a1 wt. % Pd/AlO(OH) 216 0.31 
b1 wt. % Pd/AlO(OH) 417 0.81 
c1 wt. % Pd/AlO(OH) 319 0.78 
1.5 wt. % Pd/AlO(OH) 464 0.74 
2 wt. % Pd/AlO(OH) 443 0.75 
4 wt. % Pd/AlO(OH) 392 0.76 
1 wt. % Pd/-Al2O3 134 0.25 
aAfter run 1 without washing. 
bWashed catalyst after run 1. 





Fig. 4-1 (a) Nitrogen adsorption-desorption isotherms and (b) pore size 
distribution for Pd/AlO(OH) with different Pd loading. 
 
The x-ray diffractograms for the support showed broad peaks at  ~ 
28.2o, 38.3o, 48.9o, 54.9o and 64.2o, which are characteristic of AlO(OH) 
(JCPDS Card No. 21-1307). No peaks related to palladium were detected for 
the Pd/AlO(OH) samples despite the metal loading ranging from 0.5 to 4 wt. % 
(Fig. 4-2). This can be attributed to the small palladium particle size as well as 








































































(Fig. 4-3a). Palladium particles for the 1 wt. % Pd/AlO(OH) had a narrow size 
distribution of 1.5 to 3 nm with a mean particle size of 2.6 nm. 
 
 
Fig. 4-2 XRD diffractograms for (a) AlO(OH) and Pd/AlO(OH) with (b) 0.5 (c) 
1 (d) 1.5 (e) 2 and (f) 4 wt. % Pd. 
 
 
Fig. 4-3 TEM images and particle size distribution for (a) 1 wt. % Pd/AlO(OH) 





































































4.2.2 Hydrogenation of benzaldehyde over Pd/AlO(OH) 
Effect of palladium loading 
The catalytic transfer hydrogenation of benzaldehyde to benzyl alcohol was 
investigated using potassium formate as the hydrogen donor. The AlO(OH) 
support was inactive under the reaction conditions (Table 4-2, entry 1). Over 
the 1 wt. % Pd/AlO(OH), full conversion was reached after only 0.75 h at 45 
ºC with an initial turnover frequency (TOF) of 396 h-1 (Table 4-2, entry 3). 
Benzyl alcohol was the only product. The 1 wt. % Pd/AlO(OH) was also 
active at room temperature with full conversion after 6 h and initial TOF of 28 
h-1 (Table 4-2, entry 4). The sol-gel entrapment of palladium resulted in a more 
active catalyst as a 1 wt. % Pd/-Al2O3 catalyst, prepared by wet impregnation, 
showed only an initial TOF of 215 h-1 at 45 ºC (Table 4-2, entry 10). The 
effect of metal loading was investigated using a constant metal loading of 0.5 
mol %. Catalysts with the Pd loading of 0.5 to 1.5 wt. % showed high TOF of 
360 to 400 h-1 (Table 4-2, entries 2, 3 and 7). However, increasing to 2 and 4 
wt. % Pd resulted in a significant drop in the TOF to 228 and 122 h-1, 
respectively (Table 4-2, entries 8 and 9). Hence, the optimum loading was 1 
wt. % Pd. A commercial 10 wt. % Pd/C (from Pressure Chemicals) was also 
tested but its activity was much lower than that of the Pd/AlO(OH) (Table 4-2, 
entry 11). When Pd/AlO(OH) was used in the direct hydrogenation of 
benzaldehyde using molecular hydrogen, the conversion after 24 h was only 
22 % (Table 4-2, entry 6). The difference in activity shows that the reduction 
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occurs via direct transfer hydrogenation rather than by gaseous hydrogen 
generated by the hydrolysis reaction of potassium formate.  
 
Table 4-2 Effect of the palladium loading on transfer hydrogenation of 
benzaldehyde 
Entry Catalyst Time (h) Conv. (%) TOF (h-1)a 
1 AlO(OH) 12 0 0 
2 0.5 wt. % Pd/AlO(OH) 1 100 366 
3 1 wt. % Pd/AlO(OH) 0.75 100 396 
4b 1 wt. % Pd/AlO(OH) 6 100 28 
5c 1 wt. % Pd/AlO(OH) 1.5 100 261 
6d 1 wt. % Pd/AlO(OH) 24 22 n.d. 
7 1.5 wt. % Pd/AlO(OH) 1 100 364 
8 2 wt. % Pd/AlO(OH) 1 100 228 
9 4 wt. % Pd/AlO(OH) 3 100 121 
10 1 wt. % Pd/-Al2O3 2 100 215 
11 10 wt. % Pd/C 6 100 119 
Reaction conditions: 1 mmol benzaldehyde, 3 mmol HCOOK, 12 mmol H2O, 
5 mL ethanol, 45 ºC, N2 protection. Catalyst (metal 0.5 mol %).  
aFrom conversion after 10 - 30 min (mole product/mole metal·h). 
bRoom temperature. 
cFifth run.  
dDirect hydrogenation by 0.5 MPa H2. 
n.d. not determined. 
 
The surface area of the catalyst after the batch reaction decreased very 
significantly from 464 to 216 m2 g-1, accompanied by a loss in the total pore 
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volume from 0.78 to 0.31 cm3/g (Table 4-1). The pore size distribution curve 
(Fig. 4-4b) shows that only the smaller mesopores from 2-4 nm remained, but 
the larger mesopores > 4 nm were no longer observed, indicating that the 
pores were very extensively blocked. The blockage was most likely caused by 
the unreacted potassium formate and the product, potassium bicarbonate. 
These salts could be largely removed by washing with water and ethanol so 
that the surface area (417 m2 g-1) was restored. However, not all the pores 
were recovered (Fig. 4-4b). To test the reusability of the catalyst, the 
regenerated 1 wt. % Pd/AlO(OH) was used for further batch reactions and 
showed good activity. The slight decrease in activity for the used catalyst may 
be due to loss of porosity and increase in metal particle size. After 5 runs, the 
surface area of the 1 wt. % Pd/AlO(OH) significantly reduced to 319 m2 g-1 
(Table 4-1) while the Pd particle size slightly increased from 2.6 to 3.3 nm 
(Fig. 4-3b). The number of pores also reduced (Fig. 4-4b). Despite these 
changes, full conversion was obtained after 1.5 h for the fifth run as compared 







Fig. 4-4 (a) N2 adsorption-desorption isotherms and (b) pore size distribution 
for fresh and used 1 wt. % Pd/AlO(OH) with and without washing with water 
and ethanol. 
 
Optimization of reaction condition 
To elucidate the optimum reaction condition, the molar ratio for water/formate 
was varied, keeping benzaldehyde at 1 mmol and potassium formate at 3 
mmol (Fig. 4-5). In the reaction system, both potassium formate and water act 
as hydrogen donors. Without the addition of water, the conversion was only 







































































by the presence of very little amount of water from the catalyst, solvent or the 
moisture from the air. As the water/formate molar ratio increased from 0 to 4, 
the initial rate rose by about ninefold to reach a maximum at 4 (Fig. 4-6). A 
further increase in the water/formate ratio above 4 resulted in very significant 
decrease in the initial rate. These results suggest that water and formate adsorb 
at the same catalytic site so that with excess water, formate is blocked from 
adsorption on the active site. 
 
 
Fig. 4-5 Catalytic transfer hydrogenation of benzaldehyde using different 
H2O/HCOOK molar ratio. Reaction conditions: 1 mmol benzaldehyde, 3 


























Fig. 4-6 Initial rate for transfer hydrogenation of benzaldehyde versus 
H2O/HCOOK molar ratio. 
 
The formate to benzaldehyde ratio was next optimized, keeping the molar 
ratio of water/formate at 4 and benzaldehyde at 1 mmol (Fig. 4-7). The 
stoichiometry of the reaction requires 1 mmol formate for the hydrogenation 
of 1 mmol benzaldehyde. However, at stoichiometric composition, the 
conversion was only 36 % after 4 h and remained at this value even after 24 h 
(Fig. 4-7). Increasing the formate/benzaldehyde ratio to 3 gave a maximum in 
the initial rate (Fig. 4-8), and full conversion was obtained after 0.75 h. 
However, with further increase of formate, the initial rate decreased sharply so 
for the formate/benzaldehyde of 6, the initial rate was only 0.08 mmol h-1 with 
a conversion of < 5 % after 3 h. 
These results suggest that water, formate and benzaldehyde adsorb 
competitively at the surface of the Pd/AlO(OH) catalyst. A similar observation 
has been reported by Wiener et al [19] who used Pd/C as catalyst in the 






















Molar ratio of H2O/HCOOK
 91 
 
halides with formate salts. They observed a maximum in the water/formate 
ratio at 2.7 – 3. Based on our results, the optimal reaction condition for 
Pd/AlO(OH) is a molar ratio of benzaldehyde:formate:water of 1:3:12.  
 
 
Fig. 4-7 Catalytic transfer hydrogenation of benzaldehyde using different 
HCOOK/benzaldehyde molar ratio. Reaction conditions: 1 mmol 
benzaldehyde, H2O/HCOOK molar ratio constant at 4, 5 mL ethanol, 50 mg 1 
wt. % Pd/AlO(OH), 45 C, N2. 
 
 
Fig. 4-8 Initial rate for transfer hydrogenation of benzaldehyde versus the 
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4.2.3 Activity for various aldehydes 
Studies were then extended to various aldehydes to establish the scope of 
transfer hydrogenation over the 1 wt. % Pd/AlO(OH). The aromatic aldehydes 
were converted to corresponding alcohols with 100 % yield after 1 to 18 h 
(Table 4-3). For 4-chloro-benzaldehyde, dehalogenation to benzaldehyde 
occurred followed by hydrogenation to yield benzyl alcohol (Table 4-3, entry 
2; Fig.4-9). Cyanobenzaldehyde was chemoselectively reduced to the 
corresponding alcohol without the reduction of nitrile group (Table 4-3, entry 
4). The hydrogenation of benzaldehydes with electron-donating substituents 
was slower (Table 4-3, entries 5-8). For instance, full conversion of 
4-methylbenzaldehyde and 4-methoxylbenzaldehyde was obtained after 6 and 
18 h, respectively (Table 4-3, entries 5 and 8). The aryl-containing aliphatic 
aldehydes were less reactive with moderate yields after 24 h (Table 4-3, 











Table 4-3 Catalytic transfer hydrogenation of various aldehydes over 1 wt. % 
Pd/AlO(OH) 






























































24 15 n.d. 
Reaction conditions: 1 mmol aldehydes, 3 mmol HCOOK, 12 mmol H2O, 5 
mL ethanol, 50 mg 1 wt. % Pd/AlO(OH), 45 ºC, N2 protection. 
aFrom conversion after 10-30 min (mole product/mole metal·h). 





Fig. 4-9 Kinetic profile for the transfer hydrogenation of 
4-chloro-benzaldehyde. 
 
4.2.4 Comparison with literature results 
Table 4-4 lists the reaction conditions and activity results for reduction of 
benzaldehyde over different catalysts reported in literature. Gas phase 
reduction of benzaldehyde generally gives low yields (40 – 80 %) of benzyl 
alcohol because toluene and benzene are formed as side products [33-36]. 
Although fast reaction and high yields of benzyl alcohol are obtained using 
homogeneous catalysts [25, 37, 38], they cannot be easily separated and 
reused. For some catalytic systems, toxic solvents [38, 39], low 
substrate/catalyst ratio (S/C) [10, 26, 40, 41], long reaction times [42], and 
bases (such as KOH and K2CO3) [40, 43] are required to produce high yields 
of benzyl alcohol. The catalytic system in this study exhibits better 
performance. Benzyl alcohol was efficiently produced with 100 % yield under 







































































































































































































































































































































































































































































































































































































































































































































































































Aluminium oxyhydroxide-entrapped Pd catalysts with 0.5 to 4 wt. % metal 
loading were prepared by in-situ condensation of aluminium sec-butoxide. The 
Pd/AlO(OH) catalysts showed good activity for the transfer hydrogenation of 
a wide scope of aromatic aldehydes using potassium formate as the hydrogen 
donor. The highest TOF of 396 h-1 was observed for 1 wt. % Pd loading. 
Because the reactants adsorb competitively at the metal surface, the reaction 
was sensitive to the concentrations of substrate, reducing agent and water, and 
a molar ratio of benzaldehyde : potassium formate : water at 1:3:12 was found 
to be optimum. The formation of potassium bicarbonate, which is poorly 
soluble in the reaction mixture, led to pore blockage and loss of activity of the 
catalyst. Washing with ethanol and water removed the deposited potassium 
bicarbonate and the catalyst could be reused for up to five cycles without 
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Highly efficient transfer hydrogenation of aldehydes and 




In the study of reduction of aldehydes and ketones to corresponding alcohols, it 
was found that aromatic aldehydes easily undergo reduction to alcohols while 
aliphatic aldehydes and ketones are less reactive due to steric and electronic 
effects [1]. The alkyl groups adjacent to C=O sterically hinder hydrogen transfer. 
In addition, the partial positive charge at the carbon of the carbonyl group is 
reduced by the electron-donating alkyl groups so that a hydride transfer from 
the formate is affected. Nevertheless, homogeneous metal catalysts such as iron 
[2], ruthenium [3-5] and iridium [6, 7] complexes were reported to be effective 
for the hydrogenation of ketones. However, the homogeneous catalysts suffer 
from problems such as difficulty in the recovery and reuse, and the necessity for 
a base [2, 5] or ligand [6]. From a practical point of view, a heterogeneous 
catalyst that can effectively transform aldehydes and ketones to alcohols would 
be desirable in terms of sustainability.  
Recently, heterogeneous catalysts based on noble metals including 
platinum [8, 9], gold [10, 11], palladium [12] and ruthenium [13-15] were 
reported to act as effective catalysts for the reduction of ketones. Although Ni 
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nanoparticles [16], Cu-zeolite [17], solid bases [18, 19] and zeolites [20, 21] 
succeed in reducing activated aromatic ketones under co-catalyst free 
conditions, these systems were not generally effective for the less reactive 
aliphatic ketones. Shimura and Shimidzu [1] found that a ceria-supported nickel 
catalyst with only 3 wt. % nickel was highly effective in the transfer 
hydrogenation of aromatic as well as aliphatic ketones using 2-propanol as the 
hydrogen donor. A low catalyst loading of 1 - 3 mol % was sufficient compared 
to the norm of 10 - 20 mol % [16, 22]. A drawback for metal catalysts is their 
lack of chemoselectivity to carbonyl groups so that labile functional groups, 
such as -NO2, -CN and -Cl are reduced under the reaction conditions. In this 
respect, zeolites [20, 21] and metal oxides and hydroxides [15] show good 
chemoselectivity in the hydrogenation of substituted and allylic carbonyl 
compounds. For metal catalysts, CeO2-supported gold nanoparticles were 
reported to be highly active and chemoselective for the hydrogenation of 
aromatic aldehydes using potassium formate [11] and isopropanol [10]. No 
dehalogenation was observed in the reduction of chlorobenzaldehydes, and 
chlorobenzyl alcohol was obtained with a yield of > 95 %.  
In this chapter, we investigated the catalytic transfer hydrogenation of 
aldehydes and ketones using potassium formate as the hydrogen donor. We are 
interested in studying other metals besides palladium or gold that can activate 
formates for the reduction of carbonyl compounds. As the decomposition of 
formate occurs in water, we chose ruthenium based on its reported activity for 
 103 
 
hydrogenation in the presence of water [23] and its lower costs. The aluminium 
oxyhydroxide-entrapped ruthenium catalysts with the metal loading of 0.5 to 10 
wt. % were prepared by a sol-gel process. The entrapment of the active species 
within the pores of the support helps to minimize metal leaching which may 
exist if the ruthenium is just impregnated onto the support. Optimum reaction 
conditions were established with benzaldehyde as a model compound (Eq. 5-1) 




5.2 Results and discussion 
5.2.1 Catalyst characterization 
The x-ray diffractograms for the support showed broad peaks at  ~ 28.2o, 
38.3o, 48.9o, 54.9o and 64.2o (Fig. 5-1), which are characteristic of AlO(OH) 
(JCPDS Card No. 21-1307). No peaks related to ruthenium were detected even 
when the loading increased to 10 wt. %. This may be due to the small ruthenium 
particle size (< 2 nm) as observed by TEM (Fig. 5-2). However, the peaks of the 
AlO(OH) support became broader and the intensity dropped for ruthenium 
loadings of 8 and 10 wt. %. Similar results were obtained for the Pd/AlO(OH) 





Fig. 5-1 XRD diffractograms for (a) AlO(OH) and Ru/AlO(OH) with (b) 0.5 (c) 
1 (d) 2 (e) 5 (f) 8 and (g) 10 wt. % Ru. 
 
 








































































The 0.5 wt. % Ru/AlO(OH) sample had a high surface area of 476 m2 g-1 
and a large pore volume of 1.36 cm3 g-1, similar to the textural properties of the 
support (Table 5-1). The nitrogen isotherms of the sample showed a Type 4 
hysteresis indicating the presence of mesopores (Fig. 5-3a). The sample 
contained pores that were bimodally distributed with a narrow distribution of 
smaller pores from 2 to 5 nm and a broader distribution of larger pores from 5 
to 18 nm (Fig. 5-3b). With higher ruthenium loading, both the surface area and 
pore volume decreased such that for 10 wt. % Ru, the surface area was only 152 
m2 g-1 and the pore volume 0.18 cm3 g-1. Furthermore, the larger pores of 5 - 18 
nm decreased with loading and samples with 5 - 10 wt. % Ru only had pores of 
2 to 5 nm. The absence of larger pores above 5 nm in these higher-loaded 
samples might at first suggest pore blockage by large ruthenium particles. 
However, TEM measurements showed that the ruthenium particles for 10 wt. % 
Ru/AlO(OH) were only slightly larger than in 1 wt. % Ru/AlO(OH) (Fig. 5-2). 
The mean particle size was 1.5 nm and 1.8 nm for 1 and 10 wt. % Ru loading, 
respectively. Taking this and the decreased crystallinity of AlO(OH) in the x-
ray diffractograms into consideration, we propose that the condensation of the 
aluminium sec-butoxide to form the AlO(OH) matrix is affected by the 
ruthenium loading. The formation of the support occurs by gelation of 
aluminium sec-butoxide in the presence of the metal. In the process, ruthenium 
particles are entrapped within the gel, enabling the particle size to be kept small. 
However, a higher metal loading will prevent cross-linking of the gel, affecting 
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the porosity. The degree of condensation was determined by thermogravimetry. 
The weight loss during heating up to 800 C can be attributed to the removal of 
water from free hydroxyl groups in the sample. For the pure support, the weight 
loss of 16.47 % corresponds to one mole water/Al2O3 and agrees well with the 
formula of the oxyhydroxide precursor, AlO(OH). The total weight loss 
increased with ruthenium loading, indicating the presence of more hydroxyl 
groups (or a lower degree of condensation) in the sample. The derivative TGA 
profile shows that the weight loss occurred in two steps. For AlO(OH), there is 
a smaller weight loss below 250 C and a larger weight loss above this 
temperature (Fig. 5-4). With increasing ruthenium loading, the weight loss at 
the lower temperature increased relative to the weight loss at higher temperature 
as the metal ions disrupt condensation of AlO(OH). Weight loss above 500 C 
was negligible because the formation of Al2O3 was completed at this 
temperature as confirmed by the x-ray diffractograms (Fig. 5-5). The 
appearance of peaks at  of 45.8o and 66.8o indicated the transformation to -









Table 5-1 Textural properties of catalysts 
Catalyst Surface area (m2 g-1) Pore volume (cm3 g-1) 
AlO(OH) 401 1.09 
0.5 wt. % Ru/AlO(OH)  476 1.36 
1 wt. % Ru/AlO(OH) 425 1.01 
a1 wt.% Ru/AlO(OH) 140 0.25 
b1 wt. % Ru/AlO(OH) 404 1.05 
2 wt, % Ru/AlO(OH) 380 0.86 
5 wt. % Ru/AlO(OH) 366 0.49 
8 wt. % Ru/AlO(OH) 242 0.30 
10 wt. % Ru/AlO(OH) 152 0.18 
1 wt. % Cu/AlO(OH) 378 0.91 
1 wt. % Ni/AlO(OH) 402 0.72 
1 wt. % Ru/Al2O3 145 0.25 
aAfter run 1 without washing. 






Fig. 5-3 (a) Nitrogen adsorption-desorption isotherms and (b) pore size 












































































Fig. 5-4 TGA (solid lines) and derivative weight loss (dashed lines) profiles of 
(a) AlO(OH) and Ru/AlO(OH) with (b) 1 (c) 2 (d) 5 (e) 8 and (f)10 wt. % Ru. 
 
 
Fig. 5-5 X-ray diffractograms for AlO(OH) (a) as-prepared and after calcination 
at (b) 300 C, (c) 400 C and (d) 500 C. 
 
5.2.2 Hydrogenation of benzaldehyde over Ru/AlO(OH) 
Effect of metal and loading 












































































investigated using potassium formate as the hydrogen donor. The AlO(OH) 
support was inactive under the reaction conditions (Table 5-2). Over 1 wt. % 
Ru/AlO(OH), full conversion was reached after only 1.5 h with an initial 
turnover frequency (TOF) of 234 h-1. Benzyl alcohol was the only product. In 
contrast, no activity was detected for Ag, Cu and Ni supported on AlO(OH). 
The sol gel entrapment of ruthenium resulted in a more active catalyst as a 1 
wt. % Ru/Al2O3 catalyst, prepared by wet impregnation, showed 100 % 
conversion after only 6 h. The effect of metal loading was investigated using a 
constant metal loading of 0.5 mol % (Table 5-3). Both 0.5 and 1 wt. % Ru 
showed high TOF of ~ 230 h-1. However, increasing to 2 wt. % Ru resulted in a 
slight decrease of the TOF to 206 h-1 while the TOF dropped significantly for 
higher metal loadings of 5 to 10 wt. %. With higher loading, the Ru particle size 
increases so that there are less ruthenium atoms at the surface per unit volume 
of the particle available for reaction. Hence, the optimum loading was 1 wt. % 
Ru (Fig. 5-6). When Ru/AlO(OH) was used in the direct hydrogenation of 
benzaldehyde with molecular hydrogen, the conversion after 24 h was only 
53 %. The difference in activity indicates that the reduction occurs via direct 
transfer hydrogenation rather than by gaseous hydrogen generated by the 
decomposition of potassium formate. The hydrogen gas would have to dissolve 
into the solution for reaction to occur, and this may result in a lower reduction 




Table 5-2 Catalytic transfer hydrogenation of benzaldehyde over different 
catalysts 
Entry Catalyst Time (h) Conv. (%) TOF (h-1)a 
1 AlO(OH) 12 0 - 
2 1 wt. % Ru/AlO(OH) 1.5 100 234 
3 1 wt. % Ag/AlO(OH) 12 0 - 
4 1 wt. % Cu/AlO(OH) 12 0 - 
5 1 wt. % Ni/AlO(OH) 12 0 - 
6b 1 wt. % Ru/Al2O3  6 100 45 
Reaction conditions: 2 mmol benzaldehyde, 6 mmol HCOOK, 30 mmol H2O, 5 
mL DMF, 100 oC, N2 protection. Catalyst (metal 0.5 mol %). 
afrom conversion after 0.5 – 1 h (mole product/mole metal·h).  
bPrepared by the wet impregnation method.  
 
Table 5-3 Effect of Ru loading on transfer hydrogenation of benzaldehyde 
Entry Catalyst Time (h) Conv. (%) TOF (h-1) 
1 0.5 wt. % Ru/AlO(OH) 1.5 100 226 
2 1 wt. % Ru/AlO(OH) 1.5 100 234 
3a 1 wt. % Ru/AlO(OH) 3 100 92 
4b 1 wt. % Ru/AlO(OH) 24 53 n.d. 
5 2 wt. % Ru/AlO(OH) 2 100 206 
6 5 wt. % Ru/AlO(OH) 2.5 100 152 
7 8 wt. % Ru/AlO(OH) 3 100 69 
8 10 wt. % Ru/AlO(OH) 5 100 43 
Reaction conditions: 2 mmol benzaldehyde, 6 mmol HCOOK, 30 mmol H2O, 5 
mL DMF, 100 oC, N2 protection. Catalyst (metal 0.5 mol %). 
aFifth run.  
bDirect hydrogenation by 0.5 MPa H2.  





Fig. 5-6 Reaction profiles for transfer hydrogenation of benzaldehyde over 
Ru/AlO(OH) with different Ru loading. 
 
Prereduction of Ru/AlO(OH) was not necessary for activity. In fact, when 
the sample was reduced in hydrogen at 150 C, its activity was severely reduced 
and the TOF dropped to 27 h-1. Reduction at an even higher temperature of 300 
C led to < 10 % conversion after 24 h (Fig. 5-7). X-ray photoelectron 
spectroscopy of the as-prepared Ru/AlO(OH) showed that ruthenium 3d5/2 
signal can be deconvoluted into two peaks, one with binding energy at 280.4 eV 
and the other at 281.7 eV (Fig. 5-8a). These can be assigned to metallic Ru and 
oxidized Ru+, respectively. From the peak areas, the ratio of Ru0/ Ru3+ is 47:53. 
The formation of metallic Ru can be attributed to reduction of RuCl3 by 2-
butanol during the preparation. The presence of Ru3+ is likely due to Ru(OH)3 
as during the preparation, water was added to the entrapped RuCl3. The binding 
energy of 281.7 eV also agrees well with that reported for supported Ru(OH)x 
on Al2O3 which was active in the transfer hydrogenation of allylic alcohols to 
























Ru0/ Ru3+ ratio of 70:30 (Fig. 5-8b). The drastic loss in activity for the reduced 
catalyst suggests that an optimum ratio for metallic Ru and Ru(OH)3 is 
important for the reaction. 
 
 
Fig. 5-7 Catalytic transfer hydrogenation of benzaldehyde for () as-prepared 
1 wt. % Ru/AlO(OH) and after hydrogen pretreatment for 1 h at () 150 C and 
() 300 C.  
 
 
Fig. 5-8 XPS spectra for the 5 wt. % Ru/AlO(OH) (a) as-prepared and (b) 














































The surface area of the catalyst after the batch reaction decreased very 
significantly from 425 to 140 m2 g-1, accompanied by a loss in the total pore 
volume from 1.01 to 0.25 cm3 g-1 (Table 5-1). The pore size distribution curve 
(Fig. 5-9) shows that only the smaller mesopores from 1.5 – 5 nm remained, but 
the larger mesopores > 5 nm were no longer observed, indicating that the pores 
were very extensively blocked. The blockage was most likely caused by 
unreacted potassium formate and the product, potassium bicarbonate. These 
salts could be largely removed by washing with water followed by ethanol so 
that the surface area (404 m2 g-1) and pore volume (1.05 cm3 g-1) were restored. 
To test the reusability of the catalyst, the regenerated 1 wt. % Ru/AlO(OH) was 
used for further batch reactions (Fig. 5-10). Its activity was lower so that in the 
second run, > 98 % conversion was obtained after 3 h as compared to 1.5 h for 
the fresh catalyst. However, in subsequent runs, the activity of the recycled 
catalyst remained rather similar, with 93 – 96 % conversion after 3 h and TOF 
between 92 to 109 h-1. These results suggest that whilst the highly active sites 
were no longer present in the recycled catalyst, the remaining active sites were 
not easily poisoned or blocked so that the catalyst maintained its activity for up 
to 5 cycles of reaction. The reaction was checked for ruthenium leaching by hot 
filtration of the catalyst from the reaction mixture after the conversion had 
reached ~ 40 % (Fig. 5-11). No further increase in conversion was observed 
after removal of the catalyst. In comparison, the 1 wt. % Ru/Al2O3 catalyst 
prepared by wet impregnation showed some leaching as the conversion 
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continued to increase after filtering out the catalyst. 
 
 
Fig. 5-9 (a) N2 adsorption-desorption isotherms and (b) pore size distribution of 








































































Fig. 5-10 Reuse of the 1 wt. % Ru/AlO(OH) for hydrogenation of benzaldehyde. 
 
 
Fig. 5-11 Hot filtration tests during transfer hydrogenation of benzaldehyde for 
() 1 wt. % Ru/AlO(OH) (50 mg) and () 1 wt. % Ru/Al2O3 (100 mg) 
prepared by wet impregnation. 
 
Optimization of reaction conditions 











































was varied, keeping benzaldehyde at 1 mmol and potassium formate at 3 mmol 
(Fig. 5-12). In the reaction system, both potassium formate and water act as 
hydrogen donors. Without the addition of water, the conversion was only 68 % 
after 9 h with an initial rate of 0.063 mmol h-1 (Fig. 5-13). The selectivity for 
benzyl alcohol was 100 %. The reaction was limited by the presence of very 
little amount of water from the catalyst, solvent or the moisture from the air. In 
particular, the Ru/AlO(OH) was only dried at room temperature. As the 
water/formate molar ratio increased from 0 to 5, the initial rate rose about 
tenfold to reach a maximum at 5. A further increase in the water/formate ratio 
to 6 - 7 resulted in the appearance of an induction period before the start of the 
reaction (Fig. 5-12b). These results suggest that water and formate adsorb at the 
same catalytic site so that with excess water, formate is blocked from adsorption 
at the active site. However, the inhibition is not permanent or irreversible as the 
conversion rose rapidly after the induction period although the maximum rate 





Fig. 5-12 Transfer hydrogenation of benzaldehyde using H2O/HCOOK molar 
ratio of (a) 0 to 5 and (b) 6 and 7. Reaction conditions: 1 mmol benzaldehyde, 















































Fig. 5-13 Dependence of initial rate for transfer hydrogenation of benzaldehyde 
on H2O/HCOOK molar ratio. 
 
The formate to benzaldehyde ratio was next optimized, keeping the molar 
ratio of water/formate at 5 and benzaldehyde at 1 mmol (Fig. 5-14). The 
stoichiometry of the reaction requires 1 mmol formate for the hydrogenation of 
1 mmol benzaldehyde. However, at stoichiometric composition, the conversion 
was only 43 % after 10 h and remained at this value even after 24 h. Increasing 
the formate/benzaldehyde ratio to 3 gave an optimum with 30 times increased 
initial rate (Fig. 5-15), and full conversion was obtained after 1.5 h.  
These results suggest that water, formate and benzaldehyde adsorb 
competitively at the surface of the Ru/AlO(OH) catalyst, similar to that for the 
Pd/AlO(OH) catalyst (Fig. 4-6 and 4-8). The optimal reaction condition for 
Ru/AlO(OH) is a molar ratio of benzaldehyde:formate:water of 1:3:15, which 
is similar to that for Pd/AlO(OH) (1:3:12). The adsorption of reactants are 
greatly influenced by the hydrophilic/hydrophobic and acidic/basic properties 























Molar ratio of H2O/HCOOK
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the optimum condition appears to be similar for the two catalysts. 
 
 
Fig. 5-14 Transfer hydrogenation of benzaldehyde using different 
HCOOK/benzaldehyde molar ratio. Reaction conditions: 1 mmol benzaldehyde, 




Fig. 5-15 Dependence of initial rate for transfer hydrogenation of benzaldehyde 
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5.2.3 Activity for various aldehydes and ketones 
The scope of the catalyst was investigated on a number of structurally diverse 
aldehydes, including aromatic, aliphatic and heterocyclic molecules (Table 5-4). 
The hydrogenation of substituted benzaldehydes containing electron-donating 
as well as electron-withdrawing substituents proceeded efficiently to give the 
corresponding benzyl alcohols with quantitative yield (Table 5-4, entries 1-6). 
The hydrogenation of 4-chlorobenzaldehyde proceeded with excellent 
chemoselectivity for the reduction of carbonyl group, and no products due to 
dehalogenation or ring reduction were observed (Table 5-4, entry 2 and Fig. 5-
16). This is an advantage compared to the Pd/AlO(OH) catalyst where 
dehalogenation occurred (Fig. 4-9). The heterocyclic aldehyde, furfural, could 
be reduced in 100 % yield (Table 5-4, entry 10). Furthermore, the ruthenium 
catalyst also showed good activity for the hydrogenation of aliphatic aldehydes. 












Table 5-4 Catalytic transfer hydrogenation of various aldehydes over 1 wt. % 
Ru/AlO(OH) 

































































6 100 40 
11 CH3(CH2)5CHO  
CH3(CH2)5CH2OH  14 100 30 
12 CH3(CH2)6CHO  
CH3(CH2)6CH2OH  6 100 61
b 
13 CH3(CH2)7CHO  
CH3(CH2)7CH2OH  8 100 38
b 
14 CH3(CH2)8CHO  
CH3(CH2)8CH2OH  8 100 38
b 
Reaction conditions: 2 mmol substrate, 6 mmol HCOOK, 30 mmol water, 5 mL 
DMF, 100 mg 1 wt. % Ru/AlO(OH), 100 ºC, N2 protection. 
afrom conversion after 0.5 - 1 h (mole product/mole metal·h). 





Fig. 5-16 Kinetic profile for the transfer hydrogenation of 4-chloro-
benzaldehyde. 
 
The catalytic transfer hydrogenation of ketones was less facile than that of 
aldehydes. Cyclopentanone was reduced to cyclopentanol with 100 % of yield 
after 18 h (Table 5-5, entry 1), while cyclohexanone and 4-tert-
butylcyclohexanone were more easily reduced due to the higher molecular 
flexibility (Table 5-5, entries 2 and 3). Cyclohexyl methyl ketone was less 
reactive than cyclohexanone due to steric hindrance and electron donation from 
the methyl group, and only a 78 % of yield was obtained after 24 h (Table 5-5, 
entry 4). A relatively high 1-phenylethanol yield of 85 % was obtained from the 
reduction of acetophenone after 24 h (Table 5-5, entry 5). Substituents in the 
aromatic ring affect the reactivity of the carbonyl group due to inductive and 
resonance effects. The electron-withdrawing chloro group in the benzene ring 
accelerated the rate of reaction compared to the unsubstituted acetophenone, 

























time of 8 h (Table 5-5, entry 6). In contrast, the presence of an electron-donating 
group significantly slowed down the reaction. The yield of the corresponding 
alcohol was < 50 % for 4-methylacetophenone and 4-methoxyacetophenone 
after 24 h (Table 5-5, entries 7 and 8). Both 1-phenyl-propan-2-none and 4-
phenyl-butan-2-none were completely converted to the corresponding alcohols 
within 24 h (Table 5-5, entries 9 and 10). In the reduction of aliphatic ketones, 
a relatively high yield of 2-pentanol, 70 %, was obtained after 24 h (Table 5-5, 
entry 11). However, the reactivity of 3-heptanone was lower due to the butyl 
and ethyl groups around the carbonyl and the yield was only 30 % after a similar 
time (Table 5-5, entry 12). 
All these results show that the Ru/AlO(OH) prepared by the sol-gel method 
is a surprisingly versatile catalyst for the transfer hydrogenation of aldehydes 
and ketones using potassium formate. The in-situ precipitation of the aluminium 
oxyhydroxide support entraps the metal within its porous network, in turn 
ensuring a very small and uniform metal particle size and robustness against 
leaching. The excellent activity of the catalyst even at metal loadings < 2 wt. % 








Table 5-5 Catalytic transfer hydrogenation of various ketones over 2 wt. % 
Ru/AlO(OH) 
















10 100 10.0 
3 
  
8 100 13.2 
4 
  
24 78 1.9 
5 
  




















24 20 0.3 
9 
O  OH  












24 70 2.3 
12 
O  OH  
24 30 0.6 
Reaction conditions: 2 mmol substrate, 6 mmol HCOOK, 30 mmol water, 5 mL 
DMF, 200 mg 2 wt. % Ru/AlO(OH), 100 ºC, N2 protection. 
afrom conversion after 2 - 4 h. 
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5.3 Conclusion  
Aluminium oxyhydroxide-entrapped Ru catalysts with 0.5 to 10 wt. % metal 
loading were prepared by in-situ condensation of aluminium sec-butoxide. 
Nanosized particles of 1.5 to 1.8 nm with a narrow size distribution were formed. 
The Ru/AlO(OH) catalysts showed good activity for the transfer hydrogenation 
of a wide scope of aldehydes and ketones using potassium formate as the 
hydrogen donor. The highest TOF was observed for 1 wt. % Ru loading. Both 
metallic and oxidized Ru3+ were observed using XPS. Reduction of the catalyst 
at 150 C and higher decreased its activity. Because the reactants adsorb 
competitively at the metal surface, the reaction was sensitive to the 
concentrations of substrate, reducing agent and water, and a molar ratio of 
benzaldehyde : potassium formate : water at 1:3:15 was found to be optimum. 
Interestingly, aliphatic aldehydes could be easily hydrogenated which can be 
due to the activity of the Ru catalyst. The transfer hydrogenation of 4-
chlorobenzaldehyde was highly selective to the alcohol, without any 
dehalogenation. Ketones were also hydrogenated, but at a lower rate than the 
aldehydes. The formation of potassium bicarbonate, which is poorly soluble in 
the reaction mixture, led to pore blockage and loss of activity of the catalyst. 
Washing with ethanol/water removed the deposited potassium bicarbonate and 
the catalyst could be reused for up to five cycles without significant loss of 
activity. The Ru/AlO(OH) catalyst did not undergo leaching under reaction 
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Highly efficient chemoselective transfer hydrogenation of 
carbonyl groups over amine-modified Ru/AlO(OH) catalysts 
 
6.1 Introduction 
The chemoselective hydrogenation of -unsaturated carbonyl compounds to 
the corresponding allylic alcohols is an important step in the industrial synthesis 
of fine chemicals, in particular, pharmaceuticals, perfumes and cosmetics [1-3]. 
The hydrogenation of C=C bond is relatively easier than that of C=O bond 
because thermodynamics favor the hydrogenation of C=C over C=O group by 
about 35 kJ mol-1 and kinetically the reactivity of the C=C group is higher than 
that of C=O [4]. Although extensive studies have been done, the chemoselective 
synthesis of allylic alcohol via catalytic hydrogenation rather than traditional 
stoichiometric reduction remains a challenging issue. Conventional 
hydrogenation catalysts based on supported Ni [5], Pt [6, 7], Pd [8], Ru [9, 10] 
and Rh [11] produce mainly saturated aldehydes/ketones. Therefore, great 
efforts have been made to overcome this problem over the past decades.  
The early investigation in hydrogenation of -unsaturated carbonyl 
compounds was done by Galvagno’s group using Ru/C catalysts [12-14]. They 
found that the Ru particle size had a significant effect on the allylic alcohol 
selectivity. In the hydrogenation of cinnamaldehyde, cinnamyl alcohol 
selectivity increased from 30 % to 61 % when the Ru particle size increased 
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from 3 nm to 16.8 nm [12]. It was proposed that on the larger metal particles, 
the aromatic ring of cinnamaldehyde is sterically hindered from approaching 
close to the surface so that the molecule is tilted with the C=O extremity being 
closer to the surface than the C=C bond. In citral where no aromatic ring is 
present, the steric effect cannot play an important role and no difference in the 
product distribution was observed with a change of the metal particle size [13]. 
Besides particle size manipulation, the choice of metal is important in 
chemoselectivity. The iron oxide-supported gold catalysts showed an intrinsic 
selectivity toward hydrogenation of the conjugated C=O bond [15], thus yields 
of 60-80 % of allylic alcohols were obtained over the supported gold catalysts 
[3, 15-20]. The selectivity to unsaturated alcohol was found to increase with the 
increase in the reducibility of the support, ranking in the order FeO(OH) > -
Fe2O3 > -Fe2O3 [15]. It was proposed that an electron transfer from the reduced 
support to the metal created negative gold particles (Au), on which the 
activation of the C=O group was favored. The selectivity to the allylic alcohol 
can also be improved by using a second metal component. Examples of such 
bimetallic system are (Ni, Cu, Pt, Rh, Ru)-(In, Cr, Sn, Fe, Mn) species, 
supported on conventional silica, alumina, zeolites or active carbon [14, 21-27]. 
Although the allylic alcohol selectivity was improved after the addition of a 
second metal, it was still very low, 40-70 %. It was observed that the formation 
of bimetallic particles with an electron-deficient metal component, such as Sn, 
Fe and Mn, acted as Lewis adsorption sites for the activation of the C=O bond 
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[28]. Recently, Serp’s group reported an efficient bimetallic catalyst of Pt-Ru 
confined in carbon nanotubes (CNTs) for hydrogenation of cinnamaldehyde to 
cinnamyl alcohol [29-31]. Relatively high selectivity, 70-90 %, was obtained at 
70-100 oC. A nanoreactor consisting of ~ 2 nm Pt-Ru nanoparticles confined in 
the CNTs of 40 nm diameter was built based on molecular recognition [29]. The 
high chemoselectivity was attributed to confinement of both the active phase 
and the reactants in the inner cavity of CNTs [29], which resulted in a higher 
local concentration of catalyst and reactants [31]. Interestingly, Noyori’s group 
reported that the carbonyl group in conjugated and unconjugated enals and 
enone was preferentially hydrogenated when amines were added to the 
homogeneous catalyst, RuCl2[P(C6H5)3]3 [32]. The direct addition of 
ethylenediamine to the reaction mixture gave extremely high yields (> 95 %) of 
the unsaturated alcohols from unconjugated and conjugated enals or enones. 
However, the effect of amine was not so pronounced when added to reaction 
mixtures containing heterogeneous catalysts, Pd/C and Ru/AlO(OH) [33, 34]. 
Only moderate allylic alcohol yields (70-80 %) were obtained while no leaching 
of metal was claimed. Nevertheless, to avoid the possibility of metal leaching 
caused by the amine compounds in solution, the amines were immobilized onto 
the support surface [4]. The yield of allylic alcohol (56 %) was further decreased. 
It was proposed that the electron density of the metal active site is increased 
upon coordination with the amine, and this in turn facilitates the adsorption of 
C=O group [4]. The role of the amine has not been well established. Hence, we 
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were interested in evaluating its role in directing chemoselectivity when -
unsaturated carbonyl compounds were reduced to allylic alcohols.  
In this study, Ru/AlO(OH) catalysts with different loading of 1 to 10 wt. % 
were prepared by a sol-gel encapsulation process and amino groups were grafted 
onto them. Amines with one to three amino groups were investigated, namely, 
3-aminopropyltrimethoxysilance (1), 3-(2-aminoethylamino) 
propyltrimethoxysilane (2) and 3-(2-(2-aminoethylaminoethylamino) 
propyltrimethoxysilane (3) (Fig. 6-1). The chemoselectivity for the reduction of 
cinnamaldehyde to cinnamyl alcohol was investigated to assess the 

























Fig. 6-1 Amines used to form amine-modified Ru/AlO(OH). 
 
6.2 Results and discussion 
6.2.1 Catalyst characterization 
The amine-modified Ru/AlO(OH) samples are denoted as n-x wt. % Ru-y, 
where n, x and y stand for the amine, metal loading and amine/Ru molar ratio, 
respectively. The porosity of the support was maintained despite grafting the 1 
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wt. % Ru/AlO(OH) with amines 1, 2 and 3 at an amine/Ru molar ratio of 6 (Fig. 
6-2). The surface area for the grafted catalysts ranged from 300 to 360 m2 g-1 
with pore volume of 0.8 to 1.1 cm3 g-1 (Table 6-1). Increasing the amine 2/Ru 
ratio from 1 to 8 resulted in a small decrease in the porosity of the samples (Fig. 
6-3). The surface area dropped from 338 to 300 m2 g-1 with a small decrease of 
pore size from 0.95 to 0.72 cm3 g-1. In comparison, when amine 2 was grafted 
onto samples with higher Ru loading, the textural properties were severely 
affected (Fig. 6-4). While the 2-grafted 1 and 2 wt. % Ru/AlO(OH) samples had 
surface area of 299 and 235 m2/g, respectively, samples with 5 to 10 wt. % Ru 
showed a very substantial decrease in the surface area and porosity after grafting. 
At a 2/Ru ratio of 6, a higher Ru loading means more amine is grafted onto the 
catalyst resulting in blockage of the AlO(OH) support. The surface areas for 












Table 6-1 Textural properties of the amine-grafted Ru/AlO(OH) 
Catalyst Surface area (m2 g-1) Pore volume (cm3 g-1) 
1 wt. % Ru/AlO(OH) 425 1.01 
1-1 wt. % Ru-6 309 0.83 
2-1 wt. % Ru-6 299 0.78 
3-1 wt. % Ru-6 355 1.05 
2-1 wt. % Ru-1 338 0.95 
2-1 wt. % Ru-2 328 0.80 
2-1 wt. % Ru-4 310 0.79 
2-1 wt. % Ru-8 299 0.72 
2-2 wt. % Ru-6 235 0.58 
2-5 wt. % Ru-6 42.2 0.12 
2-8 wt. % Ru-6 1.91 0.02 




Fig. 6-2 N2 adsorption-desorption isotherms (a) and pore size distribution (b) 
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Fig. 6-3 N2 adsorption-desorption isotherms (a) and pore size distribution (b) 











































































Fig. 6-4 N2 adsorption-desorption isotherms (a) and pore size distribution (b) 
for the amine 2-grafted Ru/AlO(OH) with different Ru loading at an amine/Ru 
of 6. 
 
TEM results show that despite modification of Ru/AlO(OH) samples by 
grafting with six equiv. of amine 2, no significant change for the Ru particle size 
was observed. The average particle sizes for the 1 and 10 wt. % Ru/AlO(OH) 
were 1.5 and 1.8 nm, respectively (Fig. 5-2), while after grafting with amine 2, 






































































by amines did not change the crystalline properties of Ru/AlO(OH) samples. 
For instance, no change for the XRD diffractograms was observed after grafting 
1 wt. % Ru/AlO(OH) with amine 2 (Fig. 6-6). The absence of Ru-related peaks 
was due to the small particle size (< 2 nm) and the high dispersion of Ru 
nanoparticles as confirmed by TEM results. 
 
 
Fig. 6-5 TEM images and particle size distribution for amine 2 grafted- (a) 1 











































Fig. 6-6 XRD diffractograms for (a) 1 wt. % Ru/AlO(OH) and amine 2-grafted 
1 wt. % Ru/AlO(OH) with different amine 2/Ru molar ratio of (b) 1, (c) 2, (d) 
4, (e) 6 and (f) 8. 
 
The Ru and N contents for grafted 1 wt. % Ru/AlO(OH) were determined 
by ICP-AES. The Ru content for the amine-grafted 1 wt. % Ru/AlO(OH) was 
between 0.72 to 0.79 wt. %, respectively, which is slightly lower than that for 
the ungrafted sample, 0.84 wt. % (Table 6-2). The amount of amine grafted onto 
the sample agrees well with the expected values. For example, for an expected 





































Table 6-2 Ruthenium and nitrogen composition for the amine-grafted 1 wt. % 
Ru/AlO(OH) 
Catalyst Ru (wt. %) N (wt. %) Molar ratio of amine/Ru 
   Expected Measured 
1 wt. % Ru/AlO(OH) 0.84 - - - 
1-1 wt. % Ru-6 0.79 0.78 6 7.12 
2-1 wt. % Ru-6 0.79 1.37 6 6.26 
3-1 wt. % Ru-6 0.72 1.96 6 6.53 
2-1 wt. % Ru-1 0.83 < 0.5 1 < 2 
2-1 wt. % Ru-2 0.81 0.57 2 2.54 
2-1 wt. % Ru-4 0.86 1.11 4 4.66 
2-1 wt. % Ru-8 0.76 1.67 8 7.95 
 
X-ray photoelectron spectroscopy (XPS) was carried out to determine if there 
is any electronic interaction between the amine and Ru. For the AlO(OH) 
support grafted with amine 2 (40 wt. %), the nitrogen 1s signal can be 
deconvoluted into two peaks, one with binding energy at 397.96 eV and the 
other at 399.91 eV (Fig. 6-7). These can be assigned to free (or non-protonated) 
nitrogen (denoted as No) and protonated nitrogen (denoted as No
+), respectively. 
The formation of protonated nitrogen can be attributed to the reaction of –NH2 
or –NH groups with –OH groups on the AlO(OH) support [35, 36]. In 
comparison, for the amine 2-modified Ru/AlO(OH) samples, the N 1s peak is 
broader (Fig. 6-8). The signal can be deconvoluted into three peaks with 
maximum at 397.96, 398.69 and 399.91 eV. The 397.96 and 399.91 eV peaks 
are assigned to the free and protonated nitrogen species on the support, 
respectively. The other peak with binding energy at 398.69 eV (denoted as N+) 
 141 
 
can be assigned to the free nitrogen of the amine adsorbed at the Ru particle. 
The binding energy agrees with reported value for the free nitrogen coordinated 
to ruthenium [4]. Due to Ru-N interaction, the lone electron pair of the nitrogen 
atom is shifted to the ruthenium, resulting in an increase in the binding energy 
of the nitrogen 1s. The peak area ratio for the N+/(No + N
+) increased with higher 
amine 2/Ru ratios, indicating that more amine is coordinated at the Ru at higher 
2/Ru ratios. At constant amine/Ru molar ratio of 6, the peak at 398.69 eV was 
not observed for the amine 1-modified 1 wt. % Ru/AlO(OH) (Figure 6-9). This 
indicated that there was no interaction between nitrogen and ruthenium atoms. 
In contrast, the amine 3-modifed 1 wt. % Ru/AlO(OH) produced similar N 1s 
peaks to that modified by amine 2. 
 
 




























Fig. 6-8 XPS spectra for the amine 2-modified 1 wt. % Ru/AlO(OH) with the 
amine 2/Ru molar ratio of (a) 1, (b) 2, (c) 4 and (d) 6. 
 
 
Fig. 6-9 XPS spectra for 1 wt. % Ru/AlO(OH) grafted with (a) amine 1, (b) 























































6.2.2 Hydrogenation of cinnamaldehyde over Ru/AlO(OH) 
Effect of metal loading 
The chemoselectivity for C=O reduction in -unsaturated carbonyl 
compounds was investigated using cinnamaldehyde as a model compound. The 
hydrogenation of C=C and C=O groups lead to the formation of 3-
phenylpropanal and cinnamyl alcohol, respectively (Scheme 6-1).  
 
 
Scheme 6-1 Reaction pathways in the hydrogenation of cinnamaldehyde. 
 
These two products can be further reduced to 3-phenylpropanol. Over 1 wt. % 
Ru/AlO(OH), the transfer hydrogenation of cinnamaldehyde using potassium 
formate was very fast with a high initial TOF of 190 h-1 (Table 6-3, entry 1). 
Full conversion was obtained after 1.5 h (Fig. 6-10a). The reaction was 100 % 
selective to the hydrogenation of C=C bond forming 3-phenylpropanal. The 
hydrogenation of the C=O group occurred after cinnamaldehyde was fully 
converted to 3-phenylpropanal, so that after another 6.5 h, 3-phenylpropanol 
was formed as the sole final product. No cinnamyl alcohol was observed 
throughout the reaction. Use of catalysts with higher Ru loading of 5-10 wt. % 
resulted in about 20-25 % selectivity to cinnamyl alcohol (Table 6-3, entries 3-
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5 and Fig. 6-10b-e). These results are consistent with the metal loading effect 
on cinnamyl alcohol selectivity reported by Galvagno’s group [12, 13]. The 
TOF decreased with the increase of Ru loading which can be attributed to bigger 
Ru particles where there are more atoms at planar sites than at kinks, steps or 
corners. Compared with the transfer hydrogenation process using potassium 
formate, the direct hydrogenation by molecular H2 was extremely slow. The 
conversion was only 14 % after 12 h with 3-phenylpropanal as the main product 
(Table 6-3, entry 6). The commercially available catalyst, 5 wt. % Ru/Al2O3, 
produced a slightly higher cinnamyl alcohol selectivity of 30 % (Table 6-3, entry 
7) when compared with 5 wt. % Ru/AlO(OH). However, the activity was four-



















































































































































































































































































































































































































































































































































Fig. 6-10 Kinetic profile for the transfer hydrogenation of cinnamaldehyde over 
Ru/AlO(OH) with Ru loading of (a) 1, (b) 2, (c) 5, (d) 8 and (e) 10 wt. %. (♦) 
cinnamaldehyde conversion; selectivity to (●) cinnamyl alcohol, (▲) 3-
phenylpropanal and (○) 3-phenylpropanol. 
 
Effect of the addition of ethylenediamine 
Noyori’s group reported that the addition of ethylenediamine (EDA) and KOH 
to RuCl2[P(C6H5)3]3 led to chemoselective hydrogenation of unsaturated 
aldehydes and ketones at room temperature under hydrogen pressure of 1-8 atm 












































































































this homogeneous catalytic system. The authors attributed the chemoselectivity 
for carbonyl hydrogenation to an acceleration of the carbonyl hydrogenation at 
the expense of olefin hydrogenation when EDA and KOH were introduced. 
Similarly, the addition of ethanolamine, diethanolamine and EDA greatly 
improved the selectivity to geraniol and nerol when citral was hydrogenated 
using a heterogeneous catalyst, 2.5 wt. % Ru/AlO(OH) [33]. It was reported that 
EDA easily coordinated with the transition metal species resulting in an increase 
in electron density [33, 34]. This in turn reduced the affinity of electron rich 
C=C group to the metal. 
When EDA was directly added to the reaction mixture for transfer 
hydrogenation of cinnamaldehyde using the heterogeneous 1 wt. % 
Ru/AlO(OH), an induction time of 0.5~1 h was observed before the onset of 
reaction (Fig. 6-11a). Irrespective of the amount of EDA added, the reaction rate 
was similar once the reaction started. No improvement in the cinnamyl alcohol 
selectivity was observed until 0.3 equiv. of EDA was added where the selectivity 
rose to 80 % at 96 % conversion (Table 6-4). However, leaving the reaction 
mixture for 24 h decreased the cinnamyl alcohol selectivity to 41 % with 3-
phenylpropanol as the main final product (Fig. 6-11b). The highest cinnamyl 
alcohol selectivity of 97 % was obtained at the EDA/Ru of 2 but further increase 
the EDA/Ru to 3 did not lead to any significant changes. Furthermore, for 
EDA/Ru of 2 and 3, the cinnamyl alcohol selectivity was maintained even at 
longer reaction time of 24 h. It was observed that the color of the reaction 
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mixture changed from light yellow (the color of cinnamaldehyde) to dark brown, 
typical of the Ru-EDA homogeneous complex. Leaching was observed when 
the reaction continued after the solid catalyst was separated from the hot 
reaction mixture (Fig. 6-12). The results are in contrast with that reported for 




























































































































































































































































































































Fig. 6-11 Effect of the EDA/Ru molar ratio on the (a) kinetic profile and (b) 
cinnamyl alcohol selectivity in the transfer hydrogenation of cinnamaldehyde 




























































Fig. 6-12 Leaching test for the transfer hydrogenation of cinnamaldehyde over 
1 wt. % Ru/AlO(OH) at an EDA/Ru of 2. 
 
6.2.3 Hydrogenation of cinnamaldehyde over amine-modified Ru/AlO(OH) 
Effect of the type of amine 
Although the direct addition of EDA to the reaction mixture led to leaching of 
Ru species, the selectivity to cinnamyl alcohol was significantly improved. To 
prevent the leaching of Ru, we attempted to immobilize the amino groups onto 
the hydroxyl groups of the AlO(OH) support. At a constant amine/Ru molar 
ratio of 6, three types of amine, namely, 3-aminopropyltrimethoxysilane 1, 3-
(2-aminoethylamino)propyltrimethoxysilane 2 and 3-[2-(2-aminoethylamino) 
ethylamino]propyltrimethoxysilane 3 were grafted onto 1 wt. % Ru/AlO(OH). 
Using the 1-grafted catalyst, full conversion was reached after 2 h with an initial 
TOF of 63 h-1 (Table 6-5), which was threefold lower than that for the ungrafted 
1 wt. % Ru/AlO(OH), 190 h-1 (Table 6-3, entry 1). The low reaction rate can be 



















33 %) was formed from the onset of the reaction and at full conversion, its 
selectivity was 15 % (Fig. 6-13a). The main product was 3-phenylpropanol with 
84 % selectivity. These results show that grafting with amine 1 improved the 
selectivity to cinnamyl alcohol but the improvement was not as high as desired. 
With 2-grafted 1 wt. % Ru/AlO(OH), the initial selectivity to cinnamyl alcohol 
was higher, 68 %. Very importantly, the cinnamyl alcohol selectivity increased 
to 95 % at the conversion of 48 % and maintained at this high value up to full 
conversion (Fig. 6-13b). The TOF for the 2-grafted catalyst was only 13 h-1 
which shows an even higher coverage of the Ru surface by the amine. With 
amine 3, which contains three amino groups, the TOF was the lowest, 6 h-1, and 
full conversion of cinnamaldehyde was reached only after 21 h with 91 % 
selectivity to cinnamyl alcohol (Fig 6-13c). The initial cinnamyl alcohol 
selectivity was also low, 28 %, but it increased to 91 % when the conversion 
was 36 % after 6 h. The high selectivity was maintained until full conversion. 
Considering the effect on both reaction rate and cinnamyl alcohol selectivity, 





























































































































































































































































































































Fig. 6-13 Reaction profile for the transfer hydrogenation of cinnamaldehyde 
over the amine (a) 1, (b) 2 and (c) 3 grafted-1 wt. % Ru/AlO(OH) at constant 
amine/Ru molar ratio of 6. (♦) cinnamaldehyde conversion; selectivity to (●) 
cinnamyl alcohol, (▲) 3-phenylpropanal and (○) 3-phenylpropanol. 
 
Effect of amine 2/Ru and Ru loading 
The amine 2/Ru molar ratio was next optimized. Compared to the ungrafted 1 
wt. % Ru/AlO(OH), the TOF for 2/Ru of 1 was seven-fold lower at 27 h-1 (Table 
6-6, entry 1). The TOF dropped to 12 h-1 with 2/Ru ratio of 2 (Table 6-6, entry 
2). Further increasing the 2/Ru from 2 to 8 did not cause a significant change in 
TOF (Table 6-6, entries 3, 4 and 6). The selectivity to cinnamyl alcohol 
improved from 0 in the ungrafted catalyst to 54 % at 2/Ru ratio of 1. For 2/Ru 
ratio of 2, the selectivity jumped to 89 %. With higher ratio of 4-6, a high 
selectivity of 91 to 95 % was obtained. Further increasing the ratio to 8 did not 


































































optimum 2/Ru molar ratio was 6. For Ru/AlO(OH) with higher Ru loading of 
2, 5, 8 and 10 wt. %, the selectivity to cinnamyl alcohol was also improved from 
20-25 % to 94-96 % after grafting with 6 equiv. of amine 2 (Table 6-6, entries 
7-10). However, the reaction rate was lower than the grafted 1 wt. % 
Ru/AlO(OH). The TOF was only 5 h-1 for the grafted 2 wt. % Ru/AlO(OH), 
while < 1 h-1 was obtained for catalysts with 5, 8 and 10 wt. % Ru loading. The 
low reaction rate for catalysts with higher Ru loading can be due to more 
complete coverage of the Ru surface by the amine. Direct hydrogenation by 
molecular H2 was extremely slow, only 8 % of conversion with 19 % of 




































































































































































































































































































































































































































































































































































Fig. 6-14 Reaction profile for the transfer hydrogenation of cinnamaldehyde 
over the amine 2-grafted 1 wt. % Ru/AlO(OH) with the 2/Ru molar ratio of (a) 
1, (b) 2, (c) 4, (d) 8. (♦) cinnamaldehyde conversion; selectivity to (●) cinnamyl 
alcohol, (▲) 3-phenylpropanal and (○) 3-phenylpropanol. 
 
Mechanism study 
The improved selectivity to cinnamyl alcohol over the grafted Ru/AlO(OH) can 
be attributed to an increase in electron density at the Ru atoms upon 
coordination with the amine. From XPS, part of the non-protonated nitrogen in 
the grafted catalyst is in the form of N+ (binding energy at 398.69 eV) resulting 
from the interaction of the amine group, -NH2 or -NH, to the Ru. Coordination 
between the lone pair on the -NH2 or -NH would increase the electron density 
at the Ru atoms. Adsorption of cinnamaldehyde can be at the C=O or C=C group. 
Due to the difference in electronegativity between the C and O, the partially 























































































cinnamaldehyde with this moiety. Furthermore, the hydrogen bonding between 
the NH2 group and the C=O end group can activate the C=O bond by perturbing 
its electron distribution [4]. This affects the selectivity of the reaction. In 
contrast, the internal C=C group which is rich in electrons, is less susceptible to 
hydrogen transfer due to the strong repulsion with Ru active sites. 
The amine 1 with one amino group is shorter (0.52 nm) than the amines 2 
(0.89 nm) and 3 (1.25 nm). Upon grafting, it may not be near enough to interact 
with the Ru atom, given the low metal density of only 1 wt. %. In contrast, 
amines 2 and 3 are longer and have a bigger reach, thus have increased the 
probability of being in the vicinity of a Ru particle. As a result, these amines are 
more effective in increasing the selectivity of cinnamaldehyde hydrogenation to 
cinnamyl alcohol. The more extensive coverage by the amines 2 and 3 as 
compared to 1 is also seen in the decrease in TOF as the amine increases in 
length.  
 
Stability and reusability of the amine 2-grafted 1 wt. % Ru/AlO(OH) 
The stability and reusability of the amine 2-grafted 1 wt. % Ru/AlO(OH) at the 
amine/Ru of 6 was studied. After the reaction, the catalyst was separated from 
the reaction solution by centrifugation. The catalyst was then washed with water 
followed by ethanol at ~ 40 ºC. After dried at room temperature for 24 h, the 
sample was directly used in the next reaction run without any pretreatment. The 
conversion in the first reuse was 96 % with a high cinnamyl alcohol selectivity 
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of 94 % (Fig. 6-15). In subsequent runs 2-4, high conversions of 95-98 % were 
obtained. The cinnamyl alcohol selectivity slightly decreased but was still high 
at 90-92 %. No significant loss of Ru was detected before and after the reaction 
and the Ru content remained at 0.77-0.79 wt.% after the 4 cycles (Table 6-7). 
However, there was some decrease in the N content for the recycled samples as 
compared with the fresh sample. For instance, the N content dropped from 1.37 
wt. % to 1.31 wt. % after 4 reuse runs, leading to a drop in amine/Ru from 6.26 
to 6.06. The lower N content in the recycled samples should be the main reason 
for the decrease in cinnamyl alcohol selectivity. 
 
Table 6-7 Ruthenium and nitrogen compositions for the 2-1 wt. % Ru-6 before 
and after reaction 
Reuse run Ru (wt. %) N (wt. %) Molar ratio of amine/Ru 
   Expected Measured 
0 0.79 1.37 6 6.26 
1 0.78 1.34 6 6.20 
2 0.79 1.34 6 6.12 
3 0.77 1.30 6 6.09 





Fig. 6-15 Reusability of the 2-1 wt. % Ru-6 in the transfer hydrogenation of 
cinnamaldehyde using potassium formate 
 
6.2.4 Activity for various , -unsaturated carbonyl compounds 
Due to the good chemoselectivity over the amine 2-grafted 1 wt. % Ru/AlO(OH) 
(2/Ru = 6) for the transfer hydrogenation of cinnamaldehyde to cinnamyl 
alcohol, a variety of other -unsaturated carbonyl compounds were also 
tested. The linear substrates, trans-2-pentenal and trans-2-hexenal, were easily 
reduced to the corresponding -unsaturated alcohol with selectivity > 96 % 
(Table 6-8, entries 1 and 3). With branched substrates, 3-methylcrotonaldehyde 
and citral, the rate of reaction was lower and a longer time of 10 h and 24 h were 
needed to reach > 90 % conversion (Table 6-8, entries 2 and 6). However, the 
selectivity to the allylic alcohols was high, 96 % and 98 %, respectively. Of the 
aryl-containing -unsaturated aldehydes tested, cinnamaldehyde reacted 
much faster than -amylcinnamaldehyde (Table 6-8, entries 4 and 5). This is 

























compared to cinnamaldehyde. It is noteworthy that citral, which is considered 
as one of the most difficult -unsaturated aldehydes to hydrogenate to the 
allylic alcohol due to the two C=C and one C=O bonds [37, 38], was also 
converted to give geraniol and nerol in excellent yield (Table 6-8, entry 6). A 
high chemoselectivity of 98 % to geraniol and nerol was obtained at 90 % 
conversion of citral. Such reaction efficiency, notably the absence of citronellal 
owing to C=C hydrogenation, is unique when compared with previously 
reported results [3]. -Unsaturated ketones are more challenging as 
substrates because of the steric hindrance at the carbonyl group [15, 39]. 
Nevertheless, a relatively high conversion of benzalacetone, 90 %, was reached 














Table 6-8 Hydrogenation of various -unsaturated carbonyl compounds 




1 O OH 7 100 97 
2 
O OH 
10 100 96 
















(geraniol and nerol) 






24 90 67 
Reaction conditions: 1 mmol substrate, 3 mmol HCOOK, 15 mmol H2O, 5 mL 
DMF, 200 mg amine 2-grafted 1 wt. % Ru/AlO(OH) (2/Ru at 6), 100 ºC, N2 
protection. 
 
6.3 Conclusion  
Over 1 wt. % Ru/AlO(OH), the catalytic transfer hydrogenation of 
cinnamaldehyde using potassium formate was very fast. However, no cinnamyl 
alcohol was observed throughout the reaction. With higher Ru loadings of 5-10 
wt. %, there was some selectivity to cinnamyl alcohol, 20-25 %. After grafting 
with 3-(2-aminoethylamino)propyltrimethoxysilane (amine 2), high yields of 
cinnamyl alcohol, > 95 %, were obtained. The optimum catalyst was found to 
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be for the amine/Ru molar ratio of 6. A variety of other -unsaturated 
carbonyl compounds were also hydrogenated to corresponding allylic alcohols 
with high yields of > 95 %. This amine-modified 1 wt. % Ru/AlO(OH) catalyst 
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Production of -valerolactone from the biomass-derived 




The utilization of biomass is of interest to researchers and manufacturers due 
to the impending shortage and, ultimately, the depletion of fossil fuels [1-4]. 
Bio-fuels can be synthesized from renewable bio-feedstocks in a bio-refinery 
[5]. Levulinic acid (LA) is one of the biomass-derived compounds identified 
as platform molecules on which to focus future research endeavors [6, 7]. LA 
was the main product for the hydrolysis/dehydration of hexoses, such as 
glucose and fructose, or hexose-containing polymers like starch and cellulose 
(Scheme 1) [8, 9]. The use of nonedible lignocelluloses is particularly 
advantageous as it avoids any potential competition with food supplies [10, 
11]. The reduction of LA gives -valerolactone (GVL), which is a sustainable 
liquid to synthesize carbon-based chemicals for energy [12-14]. It can be 
converted to monomers for the synthesis of nylon [15] and polymers [16] of 
high thermal stability. As fuel additive, Horvath et al. [17] demonstrated that 
GVL is a sustainable liquid with low volatility, minimum toxicity and good 
stability. The GVL can be further reduced to 1,4-pentanediol (Scheme 1) with 
appropriate catalysts and subsequently dehydrated to methyltetrahydrofuran 
with high yields [18]. Recently, Lange et al. [19] proposed valerate esters as 
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novel oxygenated biofuels which could be blended in both gasoline and diesel. 
These valerate esters were produced via LA hydrogenation to GVL, followed 
by GVL hydrogenation to pentanoic acid and finally esterification of 
pentanoic acid to give the desired valerate esters. 
 
 
Scheme 7-1. Catalytic conversion of hexoses into levulinic acid and the 
hydrogenation platform of levulinic acid. 
 
-Valerolactone is usually produced by reducing LA under high pressure 
with molecular H2 over either homogeneous or heterogeneous catalysts [13, 
14]. A variety of catalysts have been developed and Ru-based catalysts were 
found to be the most active [18, 20-24]. However, there are safety concerns on 
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using highly flammable H2 at high pressure (> 40 bar) and high reaction 
temperature (> 180 ºC) [18, 22-24]. The catalytic transfer hydrogenation offers 
an efficient and simple alternative for the reduction of LA to GVL through the 
use of hydrogen donors such as secondary alcohols [25]. Chia and Dumesic 
recently screened different metal oxides for this reaction and found that 
zirconium oxide was the most active [26]. High GVL yield of 92 % was 
reached at 150 ºC using 2-butanol as the hydrogen donor and solvent. From 
the perspective of green chemistry, using formic acid as an in-situ hydrogen 
donor for the reduction is more attractive since an equimolar amount of formic 
acid is formed during the production of LA from carbohydrates (Scheme 1) 
[27, 28]. Nevertheless, it was found to be very difficult to use formic acid in 
the hydrogenation of LA though formic acid has been successfully used in 
hydrogenating different compounds [29-31]. Many reported catalytic systems 
require the use of formic acid in large excess or the addition of external 
hydrogen gas to enhance the reduction reaction [8, 32-34]. Recently, Guo’s 
group reported the conversion of a 1 : 1 mixture of LA and formic acid to 
GVL in high yield up to 95 % using a homogeneous catalyst, RuCl3/PPh3 
complex [27]. However, this catalytic system requires the strict absence of 
water and large amounts of a base (10 mol %) to enhance the reaction and 
avoid the catalyst deactivation. Due to the high water content and the acidity 
of LA and formic acid, these features may result in drawbacks in terms of 
energy consumption and processing cost. Recently, Cao’s group reported a 
robust and efficient Au/ZrO2 catalyst for the production of GVL from LA and 
formic acid at the molar ratio of 1 : 1 [35]. Zirconium oxide was chosen as the 
support because of its acid-tolerance. The yield of GVL was > 99 % at 150 ºC. 
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The authors also applied this Au/ZrO2 catalyst to the 1 : 1 mixture of the butyl 
levulinate and formate esters, which were obtained by extracting the products 
of cellulose hydrolysis with 1-butanol [36]. The yield of GVL was up to 95 % 
at 170 ºC. However, the reusability and stability of the Au/ZrO2 was not 
studied. 
In this chapter, we investigated the reduction of LA to GVL using a 
mixture of formic acid and formate as the hydrogen source. We are interested 
in studying other metals besides Au that can activate formic acid for reduction 
of carbonyl compounds. Ruthenium was chosen based on its reported activity 
for hydrogenation of carbonyl groups in the presence of water [37] and its 
lower costs. The zirconium oxide-supported ruthenium catalyst with the metal 
loading of 1 to 10 wt. % was prepared by a sol-gel process. Zirconium oxide 
was formed by the condensation of zirconium butoxide in the presence of the 
metal precursor. The entrapment of the active Ru species within the pores of 
the support helps to minimize leaching under acidic conditions, as compared 
to the ruthenium being impregnated or deposited on the support [19, 23, 38]. 
The catalyst was optimized by investigating the effect of support, metal 
loading and calcination temperature. The reaction condition was studied in 
detail for the variation of the molar ratio for formic acid/formate as well as 
hydrogen source/LA.  
 
7.2 Results and discussion 
7.2.1 Catalyst characterization 
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The 2.5 wt. % Ru on ZrO2, TiO2 and Al2O3 were prepared by a sol-gel method 
using zirconium butoxide, titanium isopropoxide and aluminium sec-butoxide 
as the support precursor, respectively. The samples were calcined at 400 ºC for 
2 h. The surface area for 2.5 wt. % Ru/ZrO2 was 86.7 m
2 g-1 with a pore 
volume of 0.31 cm3 g-1 (Table 7-1). The TiO2 supported catalyst had a higher 
surface area of 106 m2 g-1 with a pore volume of 0.32 cm3 g-1. The surface area 
for 2.5 wt. % Ru/Al2O3 was 327 m
2 g-1 with a large pore volume of 1.01 cm3 
g-1, reflective of the inherent textural properties of Al2O3. The ZrO2-supported 
Ni, Cu and Ag with a metal loading of 2.5 wt. % were prepared by the same 
procedure, using Ni(NO3)2·6H2O, Cu(NO3)2·2.5H2O and AgNO3 as the metal 
precursor, respectively. These samples had similar textural properties to that 
for 2.5 wt. % Ru/ZrO2, with the surface area of 85 - 87 m
2 g-1 and pore volume 
of 0.27 - 0.31 cm3 g-1. 
 
Table 7-1 Textural properties for the 2.5 wt. % Ru on different support and 
ZrO2-supported different metal 
Catalyst Surface area (m2 g-1) Pore volume (cm3 g-1) 
2.5 wt. % Ru/ZrO2 86.7 0.31 
2.5 wt. % Ru/TiO2 106 0.32 
2.5 wt. % Ru/Al2O3 327 1.01 
2.5 wt. % Ni/ZrO2 85.1 0.30 
2.5 wt. % Cu/ZrO2 86.4 0.27 
2.5 wt. % Ag/ZrO2 86.8 0.29 
 
The pure ZrO2 support had a surface area of 61.7 m
2 g-1 with a pore 
volume of 0.18 cm3 g-1 (Table 7-2). With Ru incorporation, the surface area 
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and pore volume increased to a maximum at 2.5 wt. % Ru. The nitrogen 
isotherms of these samples show a Type 4 hysteresis at P/P° > 0.9 (Fig. 7-1a), 
indicating the presence of mesopores in the region of 40 – 100 nm (Fig. 7-1b). 
In addition, there are some small pores between 2 – 4 nm. The 2.5 wt. % 
Ru/ZrO2 prepared by the wet impregnation had a lower surface area of 52.6 m
2 
g-1 and smaller pore volume of 0.16 cm3 g-1 as compared with that prepared by 
the sol-gel method. 
 
Table 7-2 Textural properties for Ru/ZrO2 samples 
Catalyst Surface area (m2 g-1) Pore volume (cm3 g-1) 
ZrO2 61.7 0.18 
1 wt. % Ru/ZrO2 79.4 0.27 
2 wt. % Ru/ZrO2 83.8 0.31 
2.5 wt. % Ru/ZrO2 86.7 0.31 
3 wt. % Ru/ZrO2 85.4 0.27 
5 wt. % Ru/ZrO2 82.1 0.33 
8 wt. % Ru/ZrO2 73.0 0.13 
10 wt. % Ru/ZrO2 61.0 0.073 
a2.5 wt. % Ru/ZrO2 52.6 0.16 







Fig. 7-1 (a) Nitrogen adsorption-desorption isotherms and (b) pore size 
distribution for Ru/ZrO2 samples with different Ru loading. 
 
The effect of calcination on the textural properties for 2.5 wt. % Ru/ZrO2 
was studied. Without calcination, the as-prepared sample had a high surface 
area of 224 m2 g-1 and large pore volume of 0.40 cm3 g-1 (Table 7-3). After 
calcined at 300 ºC for 2 h, the surface area dropped to 120 m2 g-1 with a pore 
volume of 0.35 cm3 g-1. Further increasing the calcination temperature from 













































































and pore volume from 0.35 to 0.19 cm3 g-1. There were mesopores at P/P° > 
0.9 as shown by the nitrogen isotherm (Fig. 7-2a). The mesopores were in the 
range of 20 – 80 nm (Fig. 7-2b). Small pores of 2 – 5 nm were also detected. 
 
Table 7-3 Textural properties for 2.5 wt. % Ru/ZrO2 calcined at different 
temperature 
Temperature (ºC) Surface area (m2 g-1) Pore volume (cm3 g-1) 
Without calcination 224 0.40 
300 120 0.35 
400 86.7 0.31 
500 60.4 0.25 
600 29.4 0.24 





Fig. 7-2 (a) Nitrogen adsorption-desorption isotherms and (b) pore size 
distribution for 2.5 wt. % Ru/ZrO2 calcined at different temperature. 
 
The XRD diffractograms for the 2.5 wt. % Ru on ZrO2 and TiO2 show 
only the peaks of the supports (Fig. 7-3a and b). No Ru related peaks were 
detected. This may be due to the small Ru particle size as well as the high 
dispersion of the Ru particles. The main crystalline phase for ZrO2 was 
tetragonal (JCPDS Card No. 14-0534) with characteristic peaks at 2θ of 30.3º 








































































(JCPDS Card No. 13-0307). The main phase for TiO2 was anatase (JCPDS 
Card No. 21-1272) with the strongest peak at 2θ of 25.3º. A small amount of 
rutile (JCPDS Card No. 21-1276) phase was also detected with the 
characteristic peak at 2θ of 27.4º. For 2.5 wt. % Ru/Al2O3, the broad peaks at 
2θ of 45.8o and 66.8o are that of -Al2O3 (JCPDS Card No. 29-0063) (Fig. 7-
3c). In this sample, peaks of RuO2 at 2θ of 28.0º and 35.1º (JCPDS Card No. 
40-1290) were observed. 
 
 
Fig. 7-3 XRD diffractograms for the supported 2.5 wt. % Ru on (a) ZrO2, (b) 
TiO2 and (c) Al2O3. (The dashed lines denote the standard (110) and (101) 
peak positions for the bulk RuO2, respectively.) 
 
In contrast, for Ru/ZrO2 samples, no Ru related peaks were detected even 
at the high Ru loading of 10 wt. % (Fig 7-4). At the Ru loading of 1 to 5 wt. %, 
the main crystalline phase for ZrO2 was tetragonal with very small amount of 
monoclinic phase. The monoclinic ZrO2 phase is reduced with higher Ru 



























Ru loading. This agrees with previous studies showing that in the presence of 
foreign atoms, ZrO2 tends to crystallize in the tetragonal form [39-41]. 
 
 
Fig. 7-4 XRD diffractograms for the (a) ZrO2 and Ru/ZrO2 with (b) 1, (c) 2, (d) 
2.5, (e) 3, (f) 5, (g) 8 and (h) 10 wt. % Ru. (The red and green dashed lines 
denote the standard peak positions for the tetragonal and monoclinic ZrO2, 
respectively.) 
 
Without calcination, the zirconium hydroxide support of the as-prepared 
2.5 wt. % Ru sample was amorphous with no sharp peaks of any crystalline 
phase (Fig. 7-5). After calcination at 300 ºC for 2 h, the support became partly 
crystalline with the formation of tetragonal ZrO2. After calcination at 400 ºC, 
ZrO2 crystallized in a mixture of tetragonal and monoclinic phases. At higher 
calcination temperatures, tetragonal ZrO2 was transformed to monoclinic ZrO2 
so that after calcination at 700 ºC for 2 h, the ZrO2 was almost pure 




































Fig. 7-5 XRD diffractograms for the (a) as-prepared 2.5 wt. % Ru/Zr(OH)4 
and 2.5 wt. % Ru/ZrO2 calcined at (b) 300 ºC, (c) 400 ºC, (d) 500 ºC, (e) 600 
ºC and (f) 700 ºC. 
 
7.2.2 Optimization of catalyst 
Effect of metal and support 
The catalytic hydrogenation of LA to GVL was investigated using an 
equimolar amount of hydrogen source in aqueous solution. The hydrogen 
source was a mixture of formic acid and potassium formate at the molar ratio 
of 1 : 1. The reaction was carried out in a closed autoclave at 150 ºC. The 
catalysts used were prepared by the sol-gel method described in earlier 
chapters. They were calcined at 400 ºC for 2 h and then reduced at 300 ºC for 
1 h with a flow of hydrogen gas (20 mL/min) before testing the activity. After 
reacting for 12 h, the catalyst was separated by centrifugation and the reaction 
solution was analyzed with HPLC and GC. The conversions of LA and formic 
acid/formate were calculated from their concentrations in the reaction solution 






























acid by the H2SO4 (5 mM) eluent during the HPLC analysis. Calibration 
curves were produced for LA and formic acid using standard solutions with 
different concentration (Fig. 7-6 and 7-7, respectively). Although the GVL 
signal can be observed by HPLC, it gave a broad peak. Hence, the yield of 
GVL was obtained by GC using dimethoxyethane (DME) as an external 
standard. Calibration curve was made by varying the GVL amount from 1 to 5 
mmol while keeping the DME amount constant at 5 mmol (Fig. 7-8). Mass 
balance was checked by comparing the LA conversion with GVL yield and 
closed within 5 %.  
 
 
Fig. 7-6 Calibration curve for levulinic acid. 
 
y = 0.02397 x

















Fig. 7-7 Calibration curve for formic acid. 
 
 
Fig. 7-8 Calibration curve for GVL using DME as an external standard. 
 
Over 2.5 wt. % Ru/ZrO2, the conversion was 73 % after 12 h and GVL 
was formed as the only product (Table 7-4, entry 1). A relatively high 
conversion of 63 % was reached for 2.5 wt. % Ru/ZrO2 prepared by the wet 











































GVL/DME (GC area ratio)
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lower conversion of 16 % (Table 7-4, entry 3). In comparison, no activity was 
detected over 2.5 wt. % Ru/Al2O3. Furthermore, the ZrO2 supported 2.5 wt. % 
Ni, Cu and Ag samples were not active for LA hydrogenation (Table 7-4, 
entries 5-7). A moderate conversion of 20 % was obtained using the 
commercial 10 wt. % Pd/C (Table 7-4, entry 8).  
For the 2.5 wt. % Ru supported on ZrO2, TiO2 and Al2O3 and 2.5 wt. % 
Ru/ZrO2 prepared by the wet impregnation, the stability of the catalyst was 
tested by measuring the concentrations of metals (Ru, Zr, Ti and Al) in the 
reaction solution. For 2.5 wt. % Ru/ZrO2, the Ru concentration in the reaction 
mixture was only 0.8 ppm, which constituted 0.077 wt. % of the total Ru 
added (Table 7-4). The leaching of Zr was also negligible with the 
concentration of 0.04 ppm. In contrast, there was some leaching of Ru for 2.5 
wt. % Ru/ZrO2 prepared by the wet impregnation. The Ru concentration was 
14.4 ppm, which is about 1.4 wt. % of the total Ru in the system. Hence, the 
entrapment of Ru by the sol gel method helps to minimize leaching. Similarly, 
the leaching for Ru and Ti was not very significant, with concentrations of 0.9 
and 1.2 ppm, respectively. In contrast, Al2O3 is not a suitable support under 
the acidic condition of the reaction mixture (pH ~ 3.4) as a high Al 
concentration of 195.3 ppm was found in the reaction mixture. The reason 
may be that Al2O3 is not acid-tolerant and its crystalline structure could be 







Table 7-4 Catalytic hydrogenation of levulinic acid over different catalyst 
Entry Catalyst LA Conv. Leaching test 
  (%) Ru Metal in support 
   (ppm) (ppm) 
1 2.5 wt. % Ru/ZrO2 73 0.8 0.04 
2a 2.5 wt. % Ru/ZrO2
 63 14.4 6.3 
3 2.5 wt. % Ru/TiO2 16 0.9 1.2 
4 2.5 wt. % Ru/Al2O3 0 4.6 195.3 
5 2.5 wt. % Ni/ZrO2 0 - - 
6 2.5 wt. % Cu/ZrO2 0 - - 
7 2.5 wt. % Ag/ZrO2 0 - - 
8b 10 wt. % Pd/C 20 - - 
Reaction conditions: 5 mmol LA, 2.5 mmol formic acid, 2.5 mmol potassium 
formate, 12 mL H2O, catalyst (2.5 mol % metal), 150 ºC, 1 atm He, in 25 mL 
autoclave, 12 h. 
aPrepared by wet impregnation method. 
bCommercial catalyst from Pressure Chemicals. 
 
Effect of Ru loading 
The effect of Ru loading was investigated over 1 – 10 wt.% Ru/ZrO2 samples, 
keeping a constant catalyst amount of 0.5 g. The support ZrO2 was inactive 
under the present reaction conditions (Fig. 7-9). Over 1 wt. % Ru/ZrO2, a 
conversion of 15 % was reached after 12 h with GVL formed as the only 
product. The conversion of LA increased with higher Ru loading and a 
maximum of 73 % was reached at 2.5 wt. %. A comparable conversion of 72 % 
was obtained at 3 wt. % Ru. The conversion significantly dropped from 72 to 
52 % as the Ru loading increased from 3 to 10 wt. %. The slow reaction at 
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higher Ru loadings may be attributed to bigger Ru particles where there are 
more atoms at planar sites than at kinks, steps or corners. Hence, the optimum 
Ru loading was 2.5 wt. %. 
 
 
Fig. 7-9 Effect of Ru loading for Ru/ZrO2 catalysts on levulinic acid 
hydrogenation. Reaction conditions: 5 mmol LA, 2.5 mmol formic acid, 2.5 
mmol potassium formate, 12 mL H2O, 0.5 g catalyst , 150 ºC, 1 atm He, in 25 
mL autoclave, 12 h. 
 
Effect of calcination 
The effect of calcination was studied by calcining 2.5 wt. % Ru/ZrO2 at 
different temperature for 2 h. Without calcination, the catalyst produced a 
conversion of 34 % after 12 h (Fig. 7-10). After calcination at 300 ºC, the 
conversion was ~ twofold higher, 64 %. The conversion increased to 73 % 
after the catalyst was calcined to 400 ºC. With higher calcination temperatures 
of 500 ºC to 700 ºC, the conversion decreased. The conversion for 2.5 wt. % 
Ru/ZrO2 calcined at 500 ºC and 600 ºC were 58 % and 46 %, respectively. No 
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temperatures, both ZrO2 and Ru undergo sintering with loss of surface area 
(Table 7-3 and Fig. 7-10). Unfortunately, the growth of Ru particle size cannot 
be observed by XRD as the RuO2 peaks overlap with that of monoclinic ZrO2. 
Hence, the optimum calcination temperature was 400 ºC. 
 
 
Fig. 7-10 Effect of the calcination temperature on textural properties and 
levulinic acid hydrogenation. Reaction conditions: 5 mmol LA, 2.5 mmol 
formic acid, 2.5 mmol potassium formate, 12 mL H2O, 0.5 g 2.5 wt. % 
Ru/ZrO2, 150 ºC, 1 atm He, in 25 mL autoclave, 12 h. 
 
The progress of reaction was followed using 2.5 wt. % Ru/ZrO2 calcined 
at 400 ºC for 2 h. The concentration of formic acid/formate decreased rapidly 
with time and after 2 h, no more formic acid/formate was detected (Fig. 7-11). 
However, there was an induction time in the conversion of LA. Within the 
first hour, no conversion was observed. The conversion of LA started after 1 h 
and reached 68 % at 8 h. The pressure inside the autoclave sharply increased 











































hydrogen and CO2. Part of the CO2 would dissolve in the aqueous medium. 
Thereafter, the pressure decreased as the hydrogen is consumed by LA to form 
GVL. These observations are in accord with reported results for LA 




Fig. 7-11 Concentration versus time in the hydrogenation of LA. Reaction 
conditions: 5 mmol LA, 2.5 mmol formic acid, 2.5 mmol potassium formate, 
12 mL H2O, 0.5 g 2.5 wt. % Ru/ZrO2 (0.025 mmol Ru, S/C of 40), 150 ºC, 1 
atm He, in 25 mL autoclave, 12 h. 
 
Under the present reaction conditions at 150 ºC, the hydrogenation of LA 
appears to be via gas phase hydrogen rather than direct transfer hydrogenation 
from formic acid/formate. The conversion of LA started after formic 
acid/formate fully decomposed. Using molecular hydrogen (10 bar, 5 mmol) 
as the hydrogen source, LA was completely converted to GVL after 3 h under 



























In comparison, the hydrogenation of aldehydes and ketones at 100 ºC using 
potassium formate (discussed in chapters 4-6) were found to be via direct 
transfer hydrogenation from formate. The direct reduction by molecular 
hydrogen did not occur under the reaction conditions. 
 
7.2.3 Optimization of reaction condition 
Effect of formic acid/potassium formate 
Using an equimolar amount of formic acid as the hydrogen source, the 
hydrogenation of 5 mmol LA was very slow and a conversion of 26 % was 
obtained after 12 h (Table 7-5, entry 1). It was reported that pH of the reaction 
solution could affect the hydrogenation reaction when using formic acid as the 
hydrogen donor [28, 42]. The addition of formate can adjust the pH, resulting 
in enhanced reaction at some optimum pH [42]. In these experiments, 
potassium formate was added to the reaction system keeping the total formic 
acid/formate amount at 5 mmol. The conversion increased with the addition of 
potassium formate and a maximum of 73 % was reached at an equimolar 
concentration of formic acid and formate (Table 7-5, entry 4). Further 
increasing the potassium formate concentration from 2.5 to 4.5 mmol led to a 
fast drop in the conversion from 73 % to 30 % (Table 7-5, entries 4, 6 and 7). 
The variation of potassium formate concentration from 0 to 5 mmol increased 
the pH of the reaction solution from 1.83 to 4.05. High conversion of LA was 
only obtained at a narrow acidic pH range of 3.0 ~ 3.5 (Fig. 7-12). Similar pH 
effect on the GVL yield was reported by Antonietti’s group and a maximum 
was obtained at a pH around the pKa of formic acid (pKa = 3.74) [33]. 
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By using more catalyst at pH of 3.43 (substrate/catalyst ratio of 20 instead 
of 40), a high LA conversion of 90 % was obtained. When compared with 
Au/ZrO2 [35], the Ru/ZrO2 is less active and similar conversion (> 90 %) was 
reached after two-fold longer time. Recently, Guo’s group reported a 
functionalized silica immobilized Ru2+ to be active for LA hydrogenation 
using formic acid/sodium formate (molar ratio of 9/1) [28]. Comparable 
activity was obtained however the preparation of the support and immobilized 
catalyst were complicated involving several organic modifiers containing 
nitrogen and phosphorus and hydrothermal treatment for long time.  
 
Table 7-5 Effect of the formic acid/potassium formate on levulinic acid 
hydrogenation 
Entry Hydrogen source pHa Conv. 
 Formic acid Potassium formate (25 ºC) (%) 
 (mmol) (mmol)   
1 5 0 1.83 26 
2 4.5 0.5 2.46 54 
3 3.5 1.5 3.01 67 
4 2.5 2.5 3.43 73 
5b 2.5 2.5 3.43 90 
6 1.5 3.5 3.68 51 
7 0.5 4.5 3.96 30 
8 0 5 4.05 24 
Reaction conditions: 5 mmol LA, 5 mmol hydrogen source, 12 mL H2O, 0.5 g 
2.5 wt. % Ru/ZrO2 (0.025 mmol Ru, S/C of 40) , 150 ºC, 1 atm He, in 25 mL 
autoclave, 12 h. 
apH of the reaction solution. 





Fig. 7-12 Effect of pH of the reaction solution on levulinic acid hydrogenation. 
 
Effect of hydrogen source/levulinic acid 
The hydrogen source to LA molar ratio was next studied, keeping the molar 
ratio for formic acid/potassium formate constant at 1/1 and LA at 5 mmol. The 
conversion increased from 19 to 73 % as the hydrogen source/LA increased 
from 0.2 to 1 (Fig. 7-13). Further increasing the ratio from 1 to 2 led to a 
significant drop in the conversion from 73 % to 32 %. This indicated that the 
hydrogen source and LA competitively adsorbed at the surface of Ru/ZrO2 
catalyst. The excess amount of hydrogen source may block LA from adsorbing 
on the surface of catalyst. Hence, the optimum hydrogen source : LA was 1 : 1, 
which can be used advantageously for the direct hydrogenation of the 
hydrolysis products from carbohydrates since equimolar amount of LA and 




















Fig. 7-13 Effect of hydrogen source/LA on LA reduction. Reaction conditions: 
5 mmol LA, formic acid/formate constant at 1/1, 12 mL H2O, 0.5 g 2.5 wt. % 




-Valerolactone was efficiently produced from the biomass-derived levulinic 
acid and formic acid/formate in aqueous solution. The catalyst, 2.5 wt. % 
Ru/ZrO2, was prepared by a sol-gel method which showed better resistance to 
leaching as compared with the catalyst prepared by the wet impregnation. The 
catalyst was most active after calcination at 400 ºC. By adding potassium 
formate, the pH of the reaction solution could be varied from 1.8 to 4. At an 
equimolar concentration of formic acid and formate, the pH of 3.43 resulted in 
the highest conversion. The hydrogen source (formic acid and potassium 
formate) and levulinic acid competitively adsorbed on the surface of catalyst, 
thus a molar ratio of levulinic acid : formic acid : potassium formate at 2 : 1 : 1 
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Chapter 8  
Future work 
 
8.1 To investigate the chemoselective reduction of nitro groups 
Amines are generally produced by the catalytic reduction of nitro compounds. 
The reduction of simple nitro compounds readily occurs with various 
commercial catalysts. However, the selective reduction of a nitro group when 
other reducible groups, such as C=C, C=O, -CN groups, are present is more 
challenging. Functionalized amines are industrially important intermediates for 
pharmaceuticals, polymers and other fine chemicals [1, 2]. 
In this study, the 1 wt. % Ru/AlO(OH) is highly selective to the reduction 
of carbonyl group in the presence of a –Cl group (Fig. 5-16). The 
chemoselectivity of the Ru/AlO(OH) to nitro, carbonyl and halogen groups will 
be further studied. The catalyst may require some modification to reach a high 
yield of functionalized amine compounds. 
 
8.2 Alternative metal to ruthenium 
In this study, supported ruthenium was used in the reduction of carbonyl 
compounds to corresponding alcohols with high yields. Compared with Au, Pt 
and Rh, Ru is less expensive but produces comparable or even higher activity. 
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